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ABSTRACT 
 
Coastal marshes serve important ecologic and economic functions, such as providing 
habitat, absorbing floodwaters and storm surges, and sequestering carbon. Throughout the 
northern Gulf of Mexico, coastal marshes are disappearing due to wave attack, sea-level rise, 
sediment export, and subsidence. Marsh area increases when sediments accumulate at the marsh 
shoreline, accrete vertically, and when non-marsh areas are colonized by marsh vegetation. Marsh 
shoreline erosion results in net marsh loss when transgression rates at the marsh-water edge 
exceed upland-marsh migration. The balance between marsh destroying and marsh creating 
processes determines the long-term survivability of a marsh system. Thus, processes of shoreline 
change are important considerations when evaluating the overall health and vulnerability of 
coastal marshes. 
Shoreline erosion can be measured using remotely sensed data in a geographic 
information system. Using shoreline position delineated from aerial imagery, historic maps, and 
field surveys, shoreline change analysis estimates long- and short-term shoreline movements to 
identify erosion or accretion for coastal marshes at the Grand Bay National Estuarine Research 
Reserve (GBNERR) and Wildlife Refuge (GBNWR) on the border of Mississippi and Alabama, 
USA. However, these techniques do not directly provide information on sediment deposition on 
the marsh surface. To understand sediment deposition, four study sites provide in-situ 
measurements of sediment deposition using sediment plates and sediment tracers (silica beads) 
that were collected every three months.  
Analysis of the shoreline change data and in-situ sediment data for the GBNERR showed 
that in 2017, all of the shorelines at the study sites are eroding at rates between -0.50 m/yr and -
3.39 m/yr, an average rate of -1.45 m/yr.  Positive sediment deposition rates were measured from 
5-20 meters inland of the marsh shoreline during each season (3-month period) (0.19 ± 0.05 cm 
[Fall], 0.26 ± 0.11 cm [Winter], 0.48 ± 0.12 cm [Spring], 0.63 ± 0.15 cm [Summer]), indicating 
sediment deposition increased with every season. Sediment tracer (silica-bead) counts confirmed 
that sediment was transported onto the marsh surface from eroding marsh shorelines. Higher 
energy sites had more beads deposited on the sediment plates than the low energy tidal creek site, 
due to the different wave and tidal conditions between the sites. Increased wave and tidal energy 
correlated to increased sediment transport further into the marsh.  
The relative importance of this marsh cannibalism for the long-term marsh survival 
depends on factors, such as wave attack, as they control the rate of persistent lateral marsh loss. 
This findings in this thesis suggests that material from eroding marsh edges contributes to the 
ability of the interior of marshes to maintain their elevation with respect to rising sea levels.  
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CHAPTER 1: INTRODUCTION 
1.0 Background 
1.0.1 Coastal Salt Marshes 
Salt marsh environments are highly productive estuarine habitats that serve as buffer zones 
between marine and terrestrial habitats (Koch et al., 2009; Gedan et al., 2011; Shepard et al., 
2011; Ennis et al., 2014; Möller et al., 2014). Coastal salt marshes provide critical habitat for 
wildlife, aid in flood and erosion control, reduce storm surges, filter pollutants and excess 
nutrients from water, and are economically valuable for fisheries and recreation (Ruple, 1984; 
Vernberg, 1993; Stone and McBride, 1998; Withers, 2002). Presently, over half of the United 
States population lives or works within a coastal community, with these areas encompassing less 
than 10% of the contiguous U.S. land mass (Watzin and Gosselink, 1992). Coastal marshes are an 
important environment due to the ecological services they provide, including serving as a major 
carbon sink, often referred to as “blue carbon” (Chmura et al., 2003; Mcleod et al., 2011). Chmura 
et al. (2003) estimates that soil carbon densities, on a global scale, are 0.055 ± 0.004 g cm−3 
(grams per cubic centimeter per year) for mangrove swamps and 0.039 ± 0.003 g cm−3 for salt 
marshes but these values could be higher since there was insufficient data for China and South 
America. This suggests that coastal wetlands account for 1-2 % of the total carbon sequestration 
for the conterminous US (Charpentier et al., 2010). Coastal wetlands can store carbon at 
exceptional rates and keep carbon stored in buried sediments for millennia when compared to 
terrestrial systems (Crooks et al., 2011).  
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Salt marshes are highly dynamic systems typically found in temperate and high latitudes in 
coastal areas with complex interactions between biology, geology, hydrodynamics, and sediment 
transport (Townend, 2011).  Salt marsh environments form where the surrounding water energy is 
low, allowing for salt tolerate grasses to establish and the marsh platform to expand (Pethick, 
1984; Reed, 1990; Allen and Pye, 1992; Mitsch and Gosslink, 1993; Friedrichs and Perry, 2001). 
Salt marsh extents are susceptible to large fluctuations due to fluctuations in erosion and accretion 
(Reed, 2002; Morton et al., 2004; Hilbert, 2006). Marsh erosion and accretion are natural, ongoing 
processes that can be accelerated by storms, anthropogenic events, or sea level rise (Evans et al., 
2012, Passeri et al., 2015). The loss of marsh area can result in a loss of carbon storage space and 
reintroduce stored carbon back into the carbon cycle. The loss of marsh area also has negative 
impacts on the ecosystem services they provide, such as loss habitat for endangered species, 
reduced flood and storm protection for the mainland, and reduced filtration of nutrients and 
pollutants.  
The morphologic variability of a marsh system, the relationship between the marsh and the 
adjacent tidal channels and flats, is highly dependent on the feedback loop between marsh 
morphology and hydrodynamics (Friedrichs and Perry, 2001). There are two overarching 
processes that dominate marsh systems. Accretion is the net building of a marsh platform through 
the addition of mineral sediments and organic material, such as roots or decayed plant material 
(Delaune et al., 1989; Nyman et al., 1993, Bryant and Chabreck, 1998; Kennish, 2001). Erosion is 
the net loss of mineral sediments and organic material from the marsh platform. Erosion and 
accretion are further classified into two main categories: vertical and lateral (horizontal). Lateral 
erosion and accretion is the landward or seaward movement of shorelines with sediment loss 
(erosion) or gain (accretion), also called shoreline change. Vertical erosion and accretion is the 
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gain or loss of elevation due to deposition or removal of sediment and organic material on the 
marsh surface (Cahoon and Lynch, 1997; Marani et al., 2011). Vertical elevation changes can also 
be a result of sea level rise or land subsidence.  
 Horizontal erosion and accretion can be analyzed using historical and current shoreline 
positions, providing insight on the processes that are influencing coastal marshes. The horizontal 
expansion of salt marshes occurs when sediments deposit along the marsh shoreline and are 
colonized by the lateral growth of salt grass rhizomes (Wells and Coleman, 1987; Reed, 1990; 
Boyer et al., 1997; Friedrichs and Perry, 2001). As the rhizomes grow they produce an 
environment that is suited for trapping sediments, thus providing a feedback for more sediment 
accumulation and the marsh platform expands. Results of these studies provide information 
regarding past development of coastlines, barrier islands and habitat response to storm events, the 
impact of sea-level changes, anthropomorphic influences, and predictions of coastal vulnerability 
to future events. 
Marshes result in biological feedbacks that affect physical processes. For example, 
vegetation cover and density can strongly affect the wave attenuation, flow of water across a 
marsh, and deposition across a marsh platform (Pethick, 1984; Christiansen et al., 1999; 
Friedrichs and Perry, 2001; Townend, 2011). Previous studies have shown that heavily vegetated 
marsh with grasses like Spartina alterniflora (smooth cordgrass) breaks down large turbulent 
eddies in the water into smaller ones that slow the flow velocity across the marsh surface and 
create friction with the moving water (Leonard and Luther, 1995; Koch et al., 2009). Eisma and 
Dijkema (1997) found that when salt marsh vegetation becomes established, the net deposition of 
sediment and organic material drastically increases. Their study concluded that the salt marsh with 
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vegetation received deposition rates on the order of five times greater than the unvegetated salt flat 
adjacent to it.  
Sea level rise can cause marine transgressions, commonly referred to as estuary rollover, 
resulting in lateral erosion and vertical accretion of a marsh platform (Allen 1990, Pethick 1996, 
Long et al. 2000, Townend, 2011). Marine transgression is a combination of natural processes 
working together to sustain the health and size of a marsh platform in the face of relative sea level 
rise, which is a combination of land sinking (subsidence) and rising sea level due to glacial ice melt 
and the expansion of water due to global increases in water temperature. Subsidence is caused by 
sediment compaction, subsurface collapse, and crustal downwarping (Sasser et al., 1986). As an 
estuary adjusts to sea level rise, the marsh moves landward to maintain its size and health. 
Shoreline landward transgression causes erosion while the rise in sea level creates accommodation 
space for eroded and suspended sediment deposition and vertical marsh accretion. This process 
can repeat indefinitely in a healthy marsh until it is halted by a hardened structure in the upland 
environment or sea level rising faster than sediment can be deposited. An eroding marsh shoreline 
often is identifiable by the pronounced scarp that is formed along the shoreline due to the wave 
attack when tides are lower the surface of the marsh platform (Phillips, 1986; Schwimmer, 2001). 
Wilson and Allison (2008) provide a conceptual model of a fringing marsh shoreline evolving 
with respect to the translation of an equilibrium profile with relative sea level rise (Figure 1). 
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Figure 1. Conceptual model depicting a fringing marsh shoreline evolving with respect to the 
translation of an equilibrium profile with relative sea level rise. From Wilson and Allison (2008).  
 
In order for a marsh to persist with rising sea level, the vertical accretion of marsh 
sediments must match or exceed the rate of the relative sea level rise (Reed, 1995). As sea level 
rises, increased waves and tides remove shoreline sediments, transporting them into the marsh 
interior, potentially depositing them the marsh surface, and increasing surface elevation. This is 
termed marsh vertical accretion. Vertical accretion can also be from deposition of estuarine 
sediments, riverine inputs, or organic material. A gain in elevation allows vegetation to adapt and 
survive as the land becomes inundated. Marshes that are regularly inundated rely on allogenic 
mineral sediment input, sediment formed in a different location than its depositional source, and 
autochthonous organic retention, sediment formed and deposited in the same location (Bricker-
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Urso et al., 1989; Craft et al., 1993; and Neubauer et al., 2002). Vertical accretion in salt marshes 
is inorganic sediment supply rather than organic production (Morris et al., 2014). Sediment 
supplied to a marsh can come from the estuary, open-ocean, rivers, or a redistribution of marsh 
sediments. Once sediment is in the marsh “system”, it is reworked through natural processes such 
as wind, waves, tides, and extreme weather events. Marshes depend on a stable supply of 
sediment to maintain elevation under rising sea level and survive erosion from extreme weather 
events. Inorganic sediment is typically heavier than organic material, thus during tidal cycles the 
organic sediment is transported more easily than the denser inorganic grains. While organic 
production in the root zone helps to increase elevation the supply of inorganic material has a 
greater impact on elevation gains (Redfield 1967; Frey and Basan, 1978; Harrison and Bloom, 
1977, Stumpf, 1983; Morris et al., 2016). The available depositional material is dependent on the 
geographic area and some areas could have more organic input than inorganic input.  
The volume of sediment deposition on the marsh surface is dependent on tidal range, 
waves, flow velocities, and available depositional materials (inorganic sediment or organic 
material) suspended in estuarine waters or currently on the marsh platform. An area that receives a 
1 meter (m) tidal range has higher accommodation space for sediment deposition than an area with 
a 0.5 m tidal range. Sediment deposition is also influenced by the amount of time the marsh is 
inundated, for example, an area with frequent flooding for long durations would see more 
sediment deposition than an area with less periodic flooding and duration (Reed, 1990; Cahoon & 
Reed, 1995; Leonard, 1997; Neubauer et al., 2002). Ultimately, the greater the intertidal range and 
influx of depositional materials, the greater the amount of deposition that can occur. 
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1.1 Problem Statement.  
To examine the processes of sediment erosion, delivery and deposition, four marsh study 
sites were identified in Grand Bay National Estuarine Research Reserve (GBNERR) located on 
the border of Mississippi and Alabama. Previous shoreline change analyses at GBNERR show 
that most of the shorelines at GBNERR are eroding (Schmid, 2000) likely at a higher rate than 
upland transgression, resulting in marsh area loss. There is a need to understand the processes and 
implications of this erosion relative to sediment deposition and accretion in order to assess 
wetland persistence over the long-term. More specifically, this study will compare shoreline change 
rates and in-situ sediment deposition and delivery to address a primary research question: Can marsh 
shoreline erosion result in sediment deposition that can help marshes persist under sea level rise? 
1.2 Hypothesis  
If increased lateral erosion results in an increase in sediments transported and deposited onto 
the marsh platform, then sediment deposition would increase with lateral erosion rate. In addition, 
sediment delivery on to the marsh surface would decrease with distance from the eroding marsh 
shoreline. More specifically, this hypothesis lead to the following testable expectations (sub-
hypothesis): 
1. The sediment deposited on the marsh will be greatest nearest the erosional boundary, with a 
decrease in sediment deposition with increasing distance into the marsh.  
2. The origin of deposited sediment will be primarily from the eroding marsh shoreline 
3. The direction of sediment transport will be normal to the marsh shoreline, resulting in 
correlations between deposition and shoreline change.  
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1.3 Approach Summary  
To address the primary research question and evaluate the specific hypotheses, this project 
includes data collection on in-situ sediment deposition, laboratory analysis of sediment parameters, 
and shoreline change analysis. The study has four main technical objectives (Figure 2). 
Objective 1: Examine shoreline change rates for the GBNERR and study sites using both 
long- and short-term data sets. 
Objective 2: Measure seasonal sediment deposition and delivery distance using sediment 
plates. 
Objective 3: Test the use of a silica micro-bead tracer to assess eroded marsh sediment 
movement in the marsh and estuary. 
Objective 4: Examine the relationship of shoreline erosion on sediment delivery and 
deposition. 
The research questions are addressed through analysis of data collected at the Grand Bay 
National Estuarine Research Reserve and remotely sensed shorelines.  In Chapter 2, I describe the 
study sites in more detail. In Chapter 3, I describe the methods used to reach the objectives.  In 
Chapter 4, the results are presented.  In Chapter 5, the results are discussed to evaluate the 
hypotheses and to reach broad conclusions that are presented in Chapter 6.  
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Figure 2. Generalized workflow to accomplish objectives.
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CHAPTER 2: STUDY AREA, SITE SELECTION, AND SITE LAYOUT 
 
2.0 Study area 
Grand Bay is a collection of state and federally owned coastal land bordering Alabama and 
Mississippi (Figure 3). The three main areas within Grand Bay are the Grand Bay National 
Wildlife Refuge, the Grand Bay Savanna Coastal Preserve, and the Grand Bay National Estuarine 
Research Reserve (GBNERR). Henceforth, this thesis will refer to the overall study area as 
GBNERR, which encompasses 74.5 square kilometers (km2) (7,450 hectares) of wetland and 
upland environments (Woodrey, 2007a, DMR, 2015).  
The National Estuarine Research Reserve (NERR) system began as part of the Coastal Zone 
Management Act of 1972 and has grown to encompass 27 locations from across the United States. 
These locations were created for long-term monitoring, research, education, and stewardship of 
coastal ecosystems (Woodry, 2007a). The GBNERR was established in 1999 as a partnership 
between the National Oceanic and Atmospheric Administration (NOAA) (federal partner) and the 
Mississippi Department of Marine Resources (MDMR) (state partner). NOAA is responsible for 
national guidance, funding, and technical assistance with the MDMR responsible for personnel, site 
management, and matching funds (Woodry, 2007a). GBNERR is located within both a National 
Wildlife Refuge and the Mississippi Savannah Costal Preserve, making this a uniquely protected 
area. The waters within and around the GBNERR are a NOAA marine protected area, which covers 
approximately 24.3 km2 (MPA, 2016). 
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Figure 3. Map of the Grand Bay National Estuarine Research Reserve, Mississippi.  
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2.1 Geologic description 
Based on known geologic data, Grand Bay is thought to have once been part of a large river 
delta that changed course, leaving the area as a retrograding delta (Peterson et al., 2007). Presently, 
GBNERR Holocene marshes are underlain by swampland and a Pleistocene–age Prairie Formation 
mainland, presently covered with pine forests (Figure 4) (Otvos 1991, 1997, 2000). Between 22 
and 18 thousand years before present (ybp), during the Wisconsin glacial stage, sea levels fell 
approximately 125 m causing river channels to shift course and cross the newly created coastal 
plains to reach the shoreline. During this time, meander channels shifted course and were incised 
into the Prairie formation alluviation throughout Grand Bay. As sea levels began to rise during the 
Holocene Epoch, the Escatawpa River shifted course once again and diverted away from Grand 
Bay to its present course. The shift in the rivers depositional source caused substantial deficits in 
river sediment influx, causing shorelines to begin eroding (Peterson et al., 2007). Offshore, barrier 
islands in the Mississippi Sound were formed roughly 5-4 ybp, during the Holocene, before sea 
levels were at present levels and mainland shorelines were established, which acted as a protective 
barrier for the forming mainland shorelines (Otvos and Giardino 2004; Peterson et al., 2007). This 
protection from the high energy of the open ocean wind and waves, allowed for the creation of the 
vast salt marsh that is present today. Aggradation of the Grand Bay delta started sometime in the 
late Holocene as the rising Gulf of Mexico sea level approached its present level. Erosion of the 
Escatawpa deltaic headland by both fair weather and storm driven waves and tides destroyed the 
relict Escatawpa deltaic headland and formed the Grand Batture Islands, long sand spits on the 
headland of South Rigolets Island. The Grand Batture Islands added additional protection to the 
mainland coastline. Past research has shown that since the formation of the Grand Batture Islands, 
which were mostly submerged due to erosion and sea level rise by 1979, South Rigolets Island 
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behind the Grand Batture Islands chain has experienced at least 500 m of shoreline retreat (Otvos, 
2007).  
 
 
Figure 4. Generalized stratigraphy found in coastal Mississippi and Alabama from Otvos, (1997) 
Sediment in the GBNERR estuary are characterized by a majority of silt (54%) and sandy 
fractions, with relatively high organic matter (3.82% on an average) (McComb et al., 2015). Silt 
content ranged from 28% to 96% and the sand particles ranged from 3.6% to 72%. Total organic 
matter contents ranged from 0.52% to 10.2%, 3.82% average, and a standard deviation of 2.1%. 
Organic nitrogen ranged from 0.02–0.46%, average of 0.11 ± 0.10%. Iron oxides averaged 0.16 ± 
0.11% and manganese oxides ranged from 0–0.012%, average of 0.0006 ± 0.001%. Summarized 
results from McComb et al, (2015) are present in Table 1. The soil characteristics in the GBNERR 
are variable and complex, thus making system wide generalizations about the soils difficult 
(Peterson et al., 2007; Woodrey, 2007b).  
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Table 1. Estuary soil physiochemical properties for the Grand Bay National Estuarine Research 
Reserve. From McComb et al. (2015). 
 
2.2 Ecological description 
The GBNERR is comprised of a wide variety of habitats including; forests, freshwater 
marsh, upland grasses scrub, shrub, sand beaches, intertidal marsh, tidal or inundated marsh, and 
high marsh (Peterson et al., 2007) (Table 2). The shorelines surrounding Grand Bay are primarily 
saltmarsh with almost no sandy beaches. The two most colonial salt marsh plants are Spartina 
alterniflora and Juncus roemerianus. Spartina alterniflora, also known as smooth chord grass, 
grows from mean sea level to the high tide line, while Juncus roemerianus grows anywhere above 
the mean high water line. Frequently flooded marsh dominated by Spartina are generally called 
“low marsh”, while irregularly flooded Juncus areas are called “mid-marsh”. Figure 5 shows the 
typical progression of vegetation found at a marsh shoreline along the northeastern Gulf Coast. In a 
study in Louisiana, the decomposition rates of vegetation was determined over a yearly cycle. This 
study showed that Spartina alterniflora decomposed the fastest with 100% removal in 7 months, 
Distichlis spicata at 24% per year, Spartina patens at 36% per year, and Juncus roemerianus at 
20% per year (White et al., 1978). 
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Table 2. 2007 land cover classification for the Grand Bay National Estuarine Research Reserve. 
From Woodry (2007). 
 
 
 
 
Figure 5. Typical progression of vegetation found at a marsh shoreline along the northeastern Gulf 
Coast. 
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2.3 Elevation setting 
The U.S Geological Survey (USGS) has a series of on-going projects in Grand Bay, many 
of which falling under the Sea-level and Storm Impacts on Estuarine Environments and Shorelines 
(SSIEES) project.  The primary goal of the SSIEES project is to assess the physical controls of 
sediment and material exchange between wetlands and estuarine environments along the northern 
Gulf of Mexico (SSIEES, 2017). Through this project, the USGS conducted a series of single-beam 
bathymetry surveys in 2015 in the Grand Bay estuary (DeWitt et al., 2017) (Figure 6).   
 
Figure 6. 10-meter digital elevation model derived from a single beam bathymetry survey from 
2015 covering Grand Bay, Alabama-Mississippi. Horizontal data are referenced to North American 
Vertical Datum of 1983, Universal Transverse Mercator, Zone 16 North, and the vertical data are 
referenced to mean lower low water. From DeWitt et al. (2017).  
17 
 
The GBNERR is part of the NOAA Sentinel Site Cooperative and conducts regular 
monitoring of five sites on Grand Bay (called Sentinel Sites). The GBNERR staff are actively 
engaged in monitoring salt marsh communities, collecting fine scale elevation data, and monitoring 
sediment accretion and subsidence to help understand the ecological impacts of sea level rise at 
these 5 Sentinel Sites (Sentinel, 2017). The Sentinel Site monitoring includes the regular collection 
of marsh surface elevation data using surface elevation tables (SETs) (Sentinel, 2017). Three SETs 
are located at five different sites (15 SETs total) located within the elevation ecotones of the 
GBNERR marshes from salt to freshwater/upland marsh habitat. For the four saline and brackish 
marsh Sentinel Sites, mass accumulation (accretion adjusted for sediment bulk density) decreased 
with distance from the shoreline, indicating the influence of estuarine deposition on sediment mass 
deposition (Figure 7). SETs are one of the many tools used to understand marsh surface accretion 
and elevation change. The GBNERR staff also monitors shoreline erosion at various sites across 
Grand Bay by collecting GPS shoreline positions multiple times a year. These shoreline erosion 
sites provide a high-resolution method for analyzing the lateral erosion of shorelines.  
 
Figure 7. Surface elevation table (SET) data collected by the Grand Bay National Estuarine 
Research Reserve Staff. Data from Pitchford et al., 2017 
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CHAPTER 3: METHODS 
3.0 Methods overview 
To address the four study objectives (see section 1.3 Approach), past and present shoreline 
data were used to estimate shoreline change and in situ data were used to address deposition and 
sediment transport sources and pathways. In situ data, data collected in the field, was collected on 
four sampling trips (referred to as seasons) every three months from October 2016 to October 2017 
(n=4). The shoreline and in-situ sediment data collected include: GIS shorelines (n=12), GPS 
shorelines (n=9), sediment plates (n=256) (64 plates for each of the 4 seasons), random surface 
samples (n=640) (40 samples at each of the four sites for four seasons), surface sediment samples 
adjacent to the plates (n=64) (one sample at each site and distance for each of the four seasons). 
The number of sediment samples analyzed for this study were less than the total number of samples 
due to time constraints. See each section below for the specific number of samples analyzed.  
3.1 Shoreline change estimation 
By evaluating coastal processes and changes in shoreline positions, a marsh system can be 
evaluated to understand the long-term survivability and addresses objective 1. Analyzing 
historical and current shoreline positions is an important factor to help understand the processes 
that are influencing coastal shorelines. Results of these studies provide information regarding past 
development of coastlines, barrier islands and habitat response to storm events, sea-level changes, 
anthropomorphic influences, and predictions of coastal vulnerability to future events. Programs 
such as Analyzing Moving boundaries using R (AMBUR) (http://ambur.r-forge.r-project.org/) and 
the Digital Shoreline Analysis System (DSAS) (https://woodshole.er.usgs.gov/project-
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pages/DSAS/) in Esri ArcGIS (https://www.arcgis.com/) increase access and simplify shoreline 
change analysis. 
3.1.1 Shoreline change datasets 
To complete the shoreline change analysis, shorelines were digitized from imagery or maps 
as geographic information system (GIS) vector files or imported into GIS from Global Positioning 
Services (GPS) field-survey acquisition (Table 3). For more information on GPS data collection 
see Appendix 2 (additional in-Situ Sampling) Section A2.0 GPS and Elevation data collection. GIS 
shorelines used for this analysis were downloaded from internet sources or manually digitized by 
the USGS staff from georeferenced aerial imagery. GPS shorelines were downloaded from the 
Mississippi Office of Geology, acquired from the Grand Bay National Estuarine Research Reserve, 
or created from Differential Global Positioning System (DGPS) field survey measurements by 
USGS personnel. Shoreline data were processed using Esri ArcGIS software version 10.5.1.  
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Table 3. Date, shoreline source, shoreline type and uncertainty for shorelines used to shoreline 
change rates for the Grand Bay study region. [National Oceanic and Atmospheric Administration (NOAA), 
Mississippi Office of Geology (MOG), U.S Geological Survey (USGS), Grand Bay National Estuarine Research 
Reserve (GBNERR). ⁺ indicates uncertainty values from Himmelstoss et al. (2017), ˆ indicates uncertainty value from 
MOG shoreline metadata, * indicates uncertainty values based on average horizontal line segment uncertainty from 
GPS data collection and grouped by month.] 
Month (MM) Year (YYYY) 
Shoreline 
Source Shoreline Type Uncertainty (in meters) 
01 1848 NOAA GIS 10.8⁺ 
01 1917 NOAA GIS 10.8⁺ 
04 1942 USGS GIS 3.2⁺ 
11 1957 NOAA GIS 10.8⁺ 
10 1975 USGS GIS 3.2⁺ 
01 1986 USGS GIS 3.2⁺ 
02 1992 USGS GIS 3.2⁺ 
06 1993 MOG GPS 5ˆ 
03-04 1995 MOG GPS 5ˆ 
01 1999 MOG GPS 5ˆ 
06 2001 MOG GPS 5ˆ 
08 2004 USGS GIS 3.2⁺ 
09 2006 USGS GIS 3.2⁺ 
01-03 2010 USGS GIS 3.2⁺ 
01 2012 USGS GIS 3.2⁺ 
09 2013 GBNERR GPS 5ˆ 
03, 05, 09, 11 2014 GBNERR GPS 5ˆ 
10 2014 USGS GIS 3.2⁺ 
02, 06, 09, 12 2015 GBNERR GPS 5ˆ 
03, 05, 08 2016 GBNERR GPS 5ˆ 
01, 04, 07, 10 2017 USGS GPS *(0.0054, 0.0056), (0.0069, 0.0087, 0.0062), (0.008), (0.0068, 0.0446, 0.0059) 
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 3.1.1.1 GIS shorelines 
GIS shoreline data were obtained from historic maps and aerial imagery. From 1834 to the 
1970s, the U.S. Coast and Geodetic Survey created highly detailed topographic sheets (t-sheets) to 
provide a record of shoreline position and coastal topography (Shalowitz, 1964). Using a plane 
table, shorelines and habitat types were surveyed in the field and hand drawn on a paper, along 
with roads or other major landmarks.  
During the 1800s and early 1900s, the National Ocean Service, now known as the National 
Oceanic and Atmospheric Administration (NOAA), generated topographic sheets (t-sheets) that 
were later converted into vector GIS shoreline files. Grand Bay t-sheets and shorelines were 
downloaded from the NOAA Historical Shoreline webpage 
(http://www.shoreline.noaa.gov/data/datasheets/t-sheets.html) for 1848, 1917, and 1957. These T-
sheets were hand drawn paper maps created by manually surveying an area and drawing 
topographic features such as shorelines, roads, and land cover. Shorelines derived from T-sheets 
are subject to a number of errors and uncertainties because of positional accuracy, antiquated 
mapping techniques, and scanning/digitization; however, they provide an authoritative source of 
historical shoreline position at the time of survey and provide the most accurate high-water line 
position possible. The paper maps were scanned into a digital format, so that shorelines could be 
vectorized within ArcGIS (Figure 8). The 1917 and 1957 maps were georeferenced by NOAA, but 
the 1848 map was not georeferenced.  
 The 1848 map was georeferenced by adding coordinates to the unknown spatial reference 
graticules on the map and shifting to the Universal Transverse Mercator (UTM) zone 16N, North 
American Datum of 1983 (NAD 83).  To do this, the t-sheet, projected in the NAD 83, was added 
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to ArcMap 10.5.1 and the "Georeferencing" toolbar was opened. The “add control points” tool was 
used to add coordinate graticules on the t-sheet, in degrees, minutes, seconds (DMS) format. Using 
the entered coordinates, the t-sheet was automatically adjusted to the new location. This process 
was repeated for all remaining original graticules on the t-sheet. The modern coordinates were 
added to the original graticules, but the original t-sheet datum is outdated. To adjust the map to the 
new datum, the t-sheet was shifted by calculating the change in latitude and longitude between the 
original graticules and the NAD 83 graticule reference. The shift values were entered into 
ArcMap’s "Shift" tool and the t-sheet was corrected to the correct NAD 83 position. The t-sheet 
was checked to ensure shoreline positions were reasonable based on other t-sheets shoreline 
locations and the t-sheet was digitized.  
 
\ 
Figure 8. Topographic sheet (T-sheet) T043 depicting Grand Bay coastline in 1848.  
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Since the introduction of aerial imagery in the 1930s, there has been improved topographic 
and shoreline mapping by reducing the need to collect extensive and time-intensive field 
measurements (Terrano et al., 2016). Shorelines can be digitized from three image types (from 
most to least accurate): stereoscopic images (a 3-dimensional map using adjacent overlapping 
images), orthorectified images (orthorectification removes the effects of image perspective and 
relief effects for a planimetrically correct image), and rectified aerial images (images are 
geographically mapped and corrected using known control points) (Terrano et al., 2016). 
Shorelines derived from aerial imagery are affected by water levels at the time of image capture 
and human interpretation of shoreline features. Shorelines can be interpreted from other visible 
features such as vegetation lines, sediment type or color changes, erosional scarps, and wet/dry 
lines, which can introduce spatial uncertainty (Anders and Byrnes, 1991; Crowell and others, 1991; 
Morton, 1991). The 1942, 1975, 1986, 1992, 2004, 2006, 2010, 2012, and 2014 shorelines were 
digitized from aerial imagery by the U.S Geological Survey staff (Nelson et al., 2018; Terrano et 
al., 2018) 
3.1.1.2 GPS shorelines 
Another way shorelines can be collected is through in-situ Global Positioning System 
(GPS) data collection. Typically, this method involves a person using a Differential GPS (DGPS) 
or a Real Time Kinematic (RTK) unit while walking along the shoreline to collect coordinates of 
the shoreline location. GPS shoreline collection is time intensive and can only be performed on 
small scale study areas. There can be uncertainty with shoreline positions due to tidal frame and 
vegetation, but the overall result is a highly accurate representation of the shoreline with less error 
than aerial image or t-sheet digitizing.  
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GPS shorelines were acquired from multiple sources. Shorelines for 1993, 1995, 1999, and 
2001 were downloaded from the Mississippi Office of Geology website 
https://geology.deq.ms.gov/CoastalData/DataFiles/GIS_Layers/SHorelines/Historic%20Shorelines/. Shorelines in 
2013, 2014, 2014 and 2016 were provided by the Grand Bay National Estuarine Research Reserve 
and are published in Terrano et al., 2018. The 2017 GPS shorelines were collected as part of this 
project and are also available at Terrano et al., 2018. For more information on DGPS setup see 
Appendix 2 (additional in-Situ Sampling) section A2.0 GPS and Elevation data collection. 
3.1.2 Shoreline change analysis 
Shoreline change analyses were completed using the Analyzing Moving Boundaries Using 
R (AMBUR; version 1.0) package for the R (version 3.4.3) statistical program. AMBUR uses 
shorelines and a transect file to create shoreline-transect intersections and calculates statistical rates 
of change, and then produces results as tables, CSV files, PDF reports, and ArcGIS shapefiles. 
Regardless of shoreline source, all shorelines were formatted to the requirements set by AMBUR.  
The baselines and transects for AMBUR can be created in many ways and are placed parallel to 
the shorelines being analyzed. For the long term, 1848-2017 shoreline change analysis, baselines 
were created by buffering the appended 1848-2017 shorelines by 300 m, as published in Terrano et 
al., 2018. The polygon buffer was then converted to polylines using XTools Pro and split into an 
onshore baseline (landward of the shorelines) and an offshore baseline (seaward of the shorelines). 
The shorelines were smoothed and manually edited to go into bays, rivers, or curve around 
peninsulas, ensuring the baselines followed the shorelines as closely as possible. See Figure 9 for 
an example of three peninsulas where the baselines were manually edited to evenly bracket all 
shorelines. 
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The baselines for the 2017 GPS shoreline analysis were manually drawn in ArcGIS as close to 
the shorelines as possible. The baselines were then processed through AMBUR so the required 
fields could be added. The new fields were populated based on the AMBUR requirements.  
 
Figure 9. Three small peninsulas where the transects were edited to ensure they were perpendicular 
to the shorelines.  
 
 
Transects were generated through AMBUR, which creates three different types of transect 
files: (1) perpendicular transects, (2) trimmed perpendicular transects, and (3) near transects. For 
this analysis the near transects were used. Near transects drawn from the outer (offshore) baseline 
26 
 
to the nearest point on the inner (onshore) baseline using a 5-m spacing for the 2017 GPS shoreline 
analysis and 50 m spacing for all other analyses (Figure 9). Transects were filtered using a moving 
window within the AMBUR program. Filtering is a process that attempts to evenly space the end 
points of the transects by averaging the transects azimuths and assigning the average orientation to 
the middle transect (Jackson et al, 2010). The process spreads the transects more evenly, however 
some transects still require manual editing. 
AMBUR uses the intersection of the transect and the shoreline to calculate shoreline 
distance, rate-of-change, and confidence statistics (Jackson et al, 2010). For a full list of statistics 
produced by AMBUR see (http://ambur.r-forge.r-project.org/). Although there are many different 
statistics generated by the application, the statistics examined in this study include: (1) net 
shoreline movement (NSM), (2) end point rate (EPR), (3) linear regression rate (LRR), (4) R-
squared of linear regression rate (LRR R2), (5) LRR standard error of the coefficients (LRR 
SEcoe), (6) weighted linear regression rate (WLR), (7) R-squared of the weighted linear regression 
rate (WLR R2), and (8) WLR standard error of the coefficients (WLR SEcoe). The following 
descriptions of the statistics was adapted from Terrano et al. (2016). The NSM is the net distance 
(in meters) between the oldest and the most recent shorelines at each transect. The NSM can be 
positive (accretion) or negative (erosion). Shoreline change rates, such as EPR and LRR, take into 
account both the measured distance of change as well as a time period. The EPR (in meters per 
year) measures the distance between the most recent and oldest shoreline divided by the elapsed 
time between them. The EPR requires only two shorelines (the youngest and oldest) and is a simple 
metric of overall change; however, it ignores the information provided by additional shoreline data. 
In comparison, the LRR (in meters per year) uses all available shoreline data, computing a 
statistically derived rate of change that computes least-squares regression line fitted to all available 
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data for each transect, and is equivalent to the slope of the regression line. The WLR (in meters per 
year) is similar to the LRR; however, the regression process adds more weight towards data with 
greater certainty, thereby weighting the change rate toward more accurate shoreline positions. The 
LRR and WLR require three or more shorelines to calculate a rate with error estimates. The LRR 
and WLR R-squared (R2) represents a statistical measure of how close the data are to the fitted 
regression line. An R2 value close to zero indicate a model which poorly explain the dataset 
variability, whereas a value of one represents a perfect explanation of the data. Supplemental 
statistics include both the 95-percent confidence interval and R2 values for change rate statistics. 
The additional data provide information on the robustness of the computed regression statistic. The 
three criteria used to assess the reliability of shoreline change rates were the following: (1) 
variability in shoreline positions as a result of sampling errors, (2) errors from issues with the 
measurements of the shoreline positions that are then propagated to shoreline positions accuracy, 
and (3) errors from statistical calculations when compiling and comparing the data (Anders and 
Byrnes, 1991; Crowell et al., 1991; Thieler and Danforth, 1994; Moore, 2000; Morton et al., 2004; 
Morton, 2008; Himmelstoss et al., 2017). The GIS and GPS shoreline change statistics were 
summarized by reporting the average rate-of-change for all transects.  
3.2 Site selection and layout for in situ sampling 
Four study sites were selected within the GBNERR for sediment sampling to address 
objective 2 and 3 (Figure 10). The four study sites were selected because they are co-located with 
GBNERR shoreline erosion monitoring (Site 1 and 2) or Sentinel Sites (Site 3 and 4). Sites 1, 2, 
and 3 are moderate to high-energy open bay sites, while site 4 is in a low-energy tidal creek. All 
four sites are comprised of regularly flooded, low marsh with vegetation of mixed Spartina 
alterniflora and Juncus roemerianus.  
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Figure 10. Map of the Grand Bay, Mississippi study region showing the four study sites. 
 
At each site, a boardwalk was constructed from the shoreline at least 20-m into the marsh. 
Along the 20-m transect, a series of five boardwalks parallel to the present shoreline were 
constructed at the shoreline (0-m) and then spaced every 5 m thereafter (5, 10, 15, and 20 m). A 
conceptualized drawing of the site layout in Figure 11 depicts the boardwalk placement with 
respect to sampling design. Images of the shoreline types can be found in Figure 12.  Additional 
data collected at the sites include water level (Solinst water level logger), elevation benchmark and 
marsh surface elevation measurements (Differential global positioning system and Total Station), 
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and at least two feldspar horizon markers. For more information on GPS data collection see 
Appendix 2 (additional in-Situ Sampling) section A2.0 GPS and Elevation data collection. At site 
2, a time-lapse camera was installed to capture images of the shoreline eroding.  
 
Figure 11. Conceptual layout of the four Grand Bay study sites. Each site has a bead plot at the 
shoreline, sediment plates at 5, 10, 15, and 20 meters, a water level logger, and at least 2 feldspar 
plots. 25 estuary and 25 marsh random surface samples are collected from each site using randomly 
generated locations. Blue is water and green is marsh. More information about the beads, samples 
and equipment is provided in Appendix 2 (additional in-Situ Sampling).  
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Figure 12. Marsh shoreline found at sites 1, 2, and 3, characterized by a pronounced steep scarp at 
the shoreline defining the land water boundary (image at top is from Site 2). Gentle land water 
transition shoreline type found Site 4 (bottom).  
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3.3 Sediment-deposition estimation 
To measure site-specific deposition that corresponds with shoreline-erosion events, 
sediment plates were deployed at the four study sites. The deposition measured on sediment plates 
was used to address objective 2. 
 Sediment deposition plates, also referred to as sediment traps or tiles, are an inexpensive 
and useful tool for measuring the net sediment deposition. Sediment plates allow sediment to 
naturally settle on them, thus reducing the errors associated with compaction in traditional coring 
methods (Reed, 1989). Other approaches to measuring sediment deposition are with 
sedimentation-erosion tables (SETs), horizon markers, radiochemistry of sediment cores, or 
graduated stakes (Ledwin, 1988; Childers et al., 1993).  
Past studies such as Reed (1989), Pasternack and Brush (1998), Neubauer et al. (2002), 
and Darke and Megonigal (2003) have used such devices in various forms. The Reed (1989) study 
used plastic disks with pre-weighed filter paper that were placed flush with the marsh surface and 
collected every week to track sediment deposition. Pasternack and Brush (1998) and Darke and 
Megonigal (2003), both used ceramic plates attached to poles driven into the marsh to secure 
them. The ceramic tiles were placed with the glazed side up and flush with the marsh surface to 
allow sediment to be deposited on them. The specific collection period of these plates varied 
between the studies but both were collected after several months. 
3.3.1 Sediment Plate Design 
In order to measure sediment deposition and micro-bead movement, this study used 64 
sediment plate stems and 128 sediment plates built for use at four study sites. Each study site 
consisted of four sediment plate plots at 5, 10, 15, and 20-meters from the shoreline, with each 
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distance consisting of four sediment plates (total of 16 plates per site) to assess the spatial variation 
within the marsh and across the shoreline to marsh interior. Sediment plates were used to 
hypothesis expectations 1 and 2 along with objectives 1, 2, and 3.  
The PVC stems were used to create an anchor in the marsh to hold the sediment plate in a 
fixed position surface of the marsh. The plates were designed to screw into the top of the stem and 
sit flush with the marsh surface. After three months, the 64 plates were unscrewed from the stem 
and 64 clean plates were put in their place. The stem stayed in the marsh while the plates were 
transported back and forth for deployment or lab processing.  For this reason, 64 stems were built 
along with 128 sediment plates. See Appendix 1 (sediment plate construction) for details on plate 
construction.   
3.3.2 In-Situ data collection 
Every 3 months over the course of a year, field work was completed to collect the plates 
and other sediment samples, with each season (trip) being assigned a field activity number (FAN) 
by the U.S Geological Survey (USGS). The dates, seasons, and FAN numbers can be seen in Table 
4. Additional information can be found at coastal.er.usgs.gov/field-activity-schedule/. 
Table 4. Season, dates, and U.S. Geological Survey Field Activity Number (FAN) with the 
simplified version in parenthesis.  
Season Start Date End Date 
 # Days 
Plates 
Deployed 
 USGS Field Activity Number (FAN) 
Fall October 2016 January 2017 90 2017-303-FA (17CCT01) 
Winter January 2017 April 2017 89 2017-315-FA (17CCT02) 
Spring April 2017 July 2017 93 2017-333-FA (17CCT03) 
Summer July 2017 October 2017 74 2017-346-FA (17CCT04) 
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Sediment plates were deployed on the starting date and collected, along with the random 
surface samples, on the end date. The micro-beads were only deployed once in October 2017. This 
thesis will refer to the trips based on the abbreviated FAN number or season (17CCT01 [Fall], 
17CCT02 [Winter], 17CCT03 [Spring], and 17CCT04 [Summer]). While plates were deployed for 
all seasons they were not all analyzed for all sediment parameters due to time restrictions.  
Before going into the field, the plates were weighed to get a starting benchmark weight for 
use in later analysis. In October, 2017 the micro-beads, 40-90 micrometers (μm) and plates were 
deployed at each of the study sites. At the shoreline boardwalk, also referred to as the 0 m plot, in a 
2 m x 0.5 m plot, 50 grams of micro-beads were added to each 100 cm2 area, for a total of 5,000 g 
of micro-beads beads at each site. Plots were placed at 4 distances into the marsh at 5m increments 
from the 0-m bead plot (at 5m, 10m ,15, and 20m from the shoreline). Four plates were placed at 
each plot for a total of 16 plates at each site. Randomly generated locations within a 1 m x 1 m 
(100 cell) quadrat were selected as plate locations at each of the 4 distances (Table 5). The plates 
were attached to PVC stems and gently pushed down into the marsh surface until the top of the 
plate was flush with the marsh surface (Figure 13). If necessary, the plate position was slightly 
altered from the randomly generated location to avoid vegetation.  
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Table 5. Sediment plate number, location within each quadrat, and vegetation cover for each of the 
four sites. There are 4 plates at each distance of 5, 10, 15, and 20 meters from the shoreline in a 1-
meter by 1-meter square plot. The same plot was used to calculate vegetation cover for each 
distance. 
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Figure 13. Plates one day after being installed on the marsh surface.   
 Adjacent to each of the plate plots, extra surface sediment samples were collected for 
additional sediment analyses. The surface sediment grab samples were collected sampled from the 
top 1-cm of an area similar in size as the sediment plate. 
Other data were collected to provide additional context for this study, but these data were 
not required to directly address the primary hypothesis and expectations from of this study.  The 
additional data include water level data, video camera imagery, etc.  Descriptions of these data can 
be found in Appendix 2 (additional in-Situ Sampling).   
3.3.3 Sediment plate collection, redeployment, and feldspar sampling  
 Sediment deposition was calculated by measuring the depth of the sediment that was 
deposited on the top of the plate. To calculate the deposition, each sediment plate was split into 
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four quadrants with each quadrant being measured in four different locations.  The 16 
measurements were then averaged together to get the average deposition (sediment thickness) per 
plate.  
After the sediment thickness was calculated for all the plates, the plates were weighed to get 
the wet weight of the sediment and plate. The sediment was then gently removed from the plate 
using a silicone spatula and packed into a syringe to obtain the volume of sediment on the plate. 
The transport containers were cleaned, dried, and weighed for use in later calculations. The 
sediment was extruded into the container and weighed to get a wet sediment weight. The container 
with wet sediment and cleaned plate were placed in a 55 degree Celsius (c) drying oven for 48 
hours to remove all the moisture. After 48 hours the plates were removed from the oven and left on 
a counter for 72 hours to reabsorb moisture before reweighing. This was done to ensure a 
consistent weight with the original deployment weight. The containers with sediment were weighed 
and the empty container weight was subtracted to get the dry sediment weight and averaged.   
3.4 Sediment tracer analysis 
The sediment deposition measurements can be related to their source by comparing 
sediment texture and by inferring transport directions from tracers (objective 3). For more 
information see Appendix 2 (additional in-Situ Sampling).   
The use of sediment tracers has become a complimentary tool to traditional erosion studies 
since it provides: (1) sediment source identification, (2) the ability to track sediments as they 
move across the marsh at multiple spatial and temporal scales, and (3) estimate of sediment 
erosion rates (Guzmán et al., 2013). “Sediment tracer” is a general term that can refer to a variety 
of objects such as fallout radionuclides, rare earth elements, magnetic substances, or micro-beads.
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 Smith et al. (2007) used plastic micro-beads impregnated with fluorescent dye to track 
sediments moving within the nearshore environment in sandy dredged material. Sediment was 
collected by coring the surrounding areas and sieved in a lab to remove extraneous sand from the 
micro-beads. The micro-beads were counted to get general mass conservation estimates and 
estimates for where sediments were moving after they were deposited. Ultimately, the study 
determined that after the sediment was deposited it moved away from the depositional source at 
variable rates depending on the wave energy at the study site.  
Glass micro-beads, referred to as “beads” in this study, were selected for this study 
because they are inert, environmentally safe, non-toxic, and are composed of similar material and 
density as mineral sediments. Extra fine blast media provide a cost effective micro-bead product 
(https:/www.fastenal.com/products/details/0850112). The beads are composed of silica glass 
formed into spheres and range in size from 40 to 90 microns (μm).  
For this study, 16 sediment plates, one from each site and each distance from the shoreline 
from the Fall (October 2016 to January 2017) season, were analyzed for micro-beads due to time 
constraints. Additionally, at Site 1 random surface samples for October 2016 to January 2017 
(17CCT01) were analyzed for micro-beads to evaluate the generalizability of the analysis 
conducted at the plate locations. For the random surface samples, 20 samples from the marsh and 
20 samples from the estuary were selected at random locations within a 20-m radius of the 
shoreline in all directions. The plates were analyzed for micro-bead densities while the random 
surface samples were analyzed for presence or absence. See Appendix 3 (micro-bead method 
details) for more details on the bead deployment, analysis, and in-depth methods. 
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CHAPTER 4: RESULTS 
 
 This chapter with presents data analysis and begins with shoreline change results (short- 
and long-term) to address objective 1. Next, the sediment deposition results from the sediment 
plates is presented to address objective 2. Finally, sediment tracer (micro-bead) results are 
presented to address objective 3. Results are presented in such order to understand how variations 
in shoreline erosion (shoreline change analysis) effect sediment deposition (sediment deposited on 
sediment plates) and to identify the sediment source (micro-beads).  
4.0 Shoreline change  
The rate of shoreline change can vary with time because of extreme events, changes in 
sediment flux, and accelerating sea-level rise; therefore, a shoreline change analysis was completed 
for both the long-term (1848-2017) using combined GIS and GPS shorelines, and for the short-term 
(2017) using GPS shorelines only. Shoreline dates and additional information can be seen in Table 
3. The 1848-2017 transects covered the entire bay, whereas the 2017 analysis were limited to the 
four study sites. The summarized results of both analyses can be seen in Table 6 (long-term) and  
Table 7 (short-term), with negative values representing a landward erosion rate, and 
positive values representing accretion. For additional information about statistics see Appendix 2 
(additional in-Situ Sampling) section A2.0 GPS and Elevation data collection.   
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Table 6. Statistical averages for shoreline change statistics for the 1848-2017 GIS/GPS shoreline 
change analyses. [Negative values represent erosion while positive values represent accretion. Distances and rates 
are represented in meters (m) or meters per year (m/yr). NSM represents net shoreline movement. Abbreviations of rate 
of change names: EPR, end point rate; LRR, linear regression rate; RSqr, R-squared of linear regression; WLR, 
weighted linear regression]. 
 
 
Table 7.  Statistical averages for shoreline change statistics for the 2017 GPS shoreline change 
analyses. GPS shorelines were not collected at Site 4. [Negative values represent erosion while positive 
values represent accretion. Distances and rates are represented in meters (m) or meters per year (m/yr). NSM represents 
net shoreline movement. Abbreviations of rate of change names: EPR, end point rate; LRR, linear regression rate; 
RSqr, R-squared of linear regression; WLR, weighted linear regression]. 
 
 
  
Number 
of 
transects  
NSM (m) EPR (m/yr) LRR (m/yr) 
LRR 
RSqr 
LRR 
Standard 
Error of 
Coefficients 
WLR 
(m/yr) 
WLR 
RSqr 
WLR 
Standard 
Error of 
Coefficients 
Site 1 10 -18.99 -0.11 -0.07 0.06 0.08 -0.67 0.80 0.08 
Site 2 5 -124.17 -0.73 -0.84 0.90 0.07 -1.58 0.87 0.16 
Site 3 6 -41.58 -0.24 -0.29 0.80 0.04 -0.64 0.67 0.11 
Site 4 10 -32.40 -0.19 -0.14 0.54 0.05 -0.17 0.56 0.05 
All 
Transects 791 -143.21 -0.90 -0.93 0.71 0.16 -1.16 0.75 0.19 
  
Number 
of 
transects  
Number 
of 
shorelines  
 
NSM 
(m) 
EPR 
(m/yr) 
LRR 
(m/yr) 
LRR 
RSqr 
LRR 
Standard 
Error of 
Coefficients 
WLR 
(m/yr) 
WLR 
RSqr 
WLR 
Standard 
Error of 
Coefficient
s 
Site 1 8 3  -0.74 -1.05 -1.06 0.87 0.32 -1.05 0.87 0.31 
Site 2 5 4  -2.51 -3.55 -3.39 0.90 0.74 -2.84 0.92 0.54 
Site 3 7 3  -0.36 -0.51 -0.50 0.63 0.34 -0.50 0.63 0.33 
Site 4 --- ---  --- --- --- --- --- --- --- --- 
All 
Trans-
ects 
20 --- 
 
-1.05 -1.49 -1.45 0.79 0.43 -1.31 0.80 0.37 
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 4.0.1 Long-term (1848-2017) shoreline change 
 The long-term shoreline change analysis included all available shoreline data from 1848 to 
2017, representing a total of 30 GIS or GPS estimated shoreline positions. The results of this 
analysis are summarized in whole and in part, with the first using all 791 transects to evaluate 
average bay-wide rates-of-change. The latter analyses focused on shoreline erosion specifically at 
the four sites to provide a comparison of regional versus localized shoreline change. Site 1 through 
4 having 10, 5, 6 and 10 transects, respectively.  
 The bay-wide rate-of-change analysis shows an overall linear regression rate (LRR) of -
0.93 m/yr (R2=0.71) from 1848 to 2017, with rates between -6.54 and 1.11 m/yr (Figure 14). The 
highest erosion rates are located along the former Grand Batture Island with an LRR between -3.1 
m/yr (R2=0.94) and -6.5 m/yr (R2=0.97) m/yr. On the other hand, a small section of shoreline in 
Alabama, roughly 350 m long, at the end of a tidal creek, shows accretion rates between 0.64 m/yr 
(R2=0.30) and 1.11 m/yr (R2=0.42). Approximately 35% of the transects show a relatively stable 
shoreline with LRR values between -0.5 and 0.5 m/yr. 
 The site analysis consisted of transects at each of the 4 sediment plate study sites. Site 2 has 
the highest long-term erosion rate with an LRR of -0.84 m/yr (R2=0.90), followed by Site 3, Site 4, 
and Site 1 with LRR rates of -0.29 m/yr (R2=0.80), -0.14 m/yr (R2=0.54), and -0.07 m/yr 
(R2=0.06), respectively.  
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Figure 14. Long-term (1848-2017) shoreline change results using GIS and GPS shorelines 
 
4.0.2 Short term (2017) shoreline change 
The short-term shoreline change analysis included all GPS shorelines collected in 2017, 
representing a total of 4 dates, sampled in January, April, July, and October. The results of this 
analysis were split up into two different analyses with the first averaging all 20 GPS transects. The 
second part of the analysis was site specific rates-of-change, calculated by averaging the results for 
a select number of transects at Sites 1, 2, and 3, with 8, 5, and 7 transects, respectively. Site 4 
shorelines were not collected and were therefore excluded from short-term analysis.  
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The average of all 20 short-term transects indicates an NSM of -1.05 m and an LRR of -
1.45 m/yr (R2=0.79). The average WLR of -1.31 m/yr (R2=0.80), which takes into account data 
confidence and error, suggests potentially lower rates of change than shown in the LRR. The LRR 
standard error of the coefficients was 0.43, whereas the WLR standard error of coefficients was 
0.37. The three rate-of-change statistics (EPR, LRR, and WLR) are all within one standard error of 
one another, suggesting an average rate of erosion for the sites between -1.31 and -1.49 in 2017, 
higher than the long-term averages in Table 6. 
During 2017, Sites 1, 2 and 3 eroded. NSM at Site 1 was -0.74 m, and LRR was -1.06 m/yr 
(R2=0.87). Site 2 had an average NSM of -2.51 m, with an LRR, of -3.39 m/yr (R2=0.90), and Site 
3 had an average NSM of -0.36 m, with an LRR, of -0.50 m/yr (R2=0.63). The LRR at Site 1 and 
Site 3 are lower than the combined site average of -1.45 m/yr, while Site 2 LRR was greater.  
Overall, the results indicate that over the short-term Site 2 eroded at the highest rate, followed 
by Site 1 and Site 3. Figure 15 approximates the location of the shoreline in October 2016 versus 
October 2017, illustrating the change in shoreline position. As mentioned above, Site 4 was 
excluded from this analysis due to low erosion rates (determined by the lack of an erosional scarp) 
and a poorly defined shoreline. 
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Figure 15. Image taken at Site 2 showing the shoreline erosion. Yellow line denotes the 
approximate shoreline position in October 2016 whereas the red line denotes October 2017, 
roughly 2.5 meters of erosion.   
 
4.1 Sediment deposition 
Sediment deposition was measured on sediment plates to addresses objective 2. Sediment 
deposition was assessed for both seasonal and site variation. Sediment depth values reported are an 
average of 16 measurements per plate (four random measurement from each ¼ of the plate). The 
average sediment depth provides an estimate of the average deposition at each distance and Site 
(Table 8). Figure 16 depicts a series of bar graphs with depositional trends over the course of a year 
for all sites and distances. 
 
44 
 
Table 8. Statistical averages for sediment deposition (measured as sediment thickness on the plates 
in centimeters) for the sediment plates at 5, 10, 15, and 20 meters from the shoreline at each of the 
four study sites after each of the four seasons. Values reported here are average for the four plates 
at each distance averaged over the four seasons. “0.00” values indicate the average sediment 
deposition for that statistic was not calculated because deposition was less than 1 mm. 
  
Statistic  Site 1 (in cm) 
Site 2 
(in cm) 
Site 3 
(in cm) 
Site 4 
(in cm) 
5 
m
et
er
s 
Min  0.00 0.03 0.00 0.00 
Max 2.23 1.89 1.58 0.22 
Average 1.27 0.51 0.49 0.10 
STDEV 0.71 0.52 0.55 0.08 
10
 m
et
er
s 
Min 0.00 0.00 0.00 0.00 
Max 1.11 1.96 0.63 0.49 
Average 0.43 0.53 0.18 0.15 
STDEV 0.24 0.57 0.22 0.13 
15
 m
et
er
s 
Min 0.00 0.00 0.00 0.00 
Max 0.33 1.41 0.57 0.21 
Average 0.11 0.40 0.20 0.07 
STDEV 0.11 0.41 0.18 0.07 
20
 m
et
er
s 
Min 0.00 0.00 0.00 0.00 
Max 0.39 1.51 0.31 0.18 
Average 0.08 0.39 0.10 0.05 
STDEV 0.12 0.44 0.10 0.07 
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Figure 16. Sediment thickness measurements from plates for each distance on a seasonal basis: 
October 2016 to January 2017 (A); January to April 2017 (B); April to July 2017 (C); and July to 
October 2017* (D). *Sediment thickness for Site 1, 3 and 4 for Summer was not measured due to 
processing errors but sediment thickness estimations were calculated based on wet volume. 
Estimated values are noted by dashed lines. Error bars represent standard error. 
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Sediment volumes were averages together by distance for all seasons (Table 9). The 
sediment volume was plotted on bar graphs to assess changes in the sediment volume over time for 
each season by distance (Figure 17) and for each site by season (Figure 18). 
 
Table 9. Statistical averages for wet sediment volume in milliliters (mL) for the sediment plates at 
5, 10, 15, and 20 meters from the shoreline at each of the 4 study sites averaged over the 4 seasons.  
  
Statistic Site 1 (mL) Site 2 (mL) Site 3 (mL) Site 4 (mL) 
5 
m
et
er
s 
Min  0.50 7.50 0.50 1.00 
Max 363.00 450.00 317.00 30.00 
Average 168.23 78.34 106.84 11.77 
STDEV 119.53 113.15 100.81 8.64 
10
 m
et
er
s 
Min 5.50 1.00 0.50 4.00 
Max 160.00 333.00 85.00 63.00 
Average 66.09 81.53 28.22 21.31 
STDEV 39.82 96.38 27.72 17.72 
15
 m
et
er
s 
Min 2.50 0.25 1.00 0.50 
Max 148.00 213.00 150.00 28.00 
Average 27.72 63.70 46.53 10.91 
STDEV 35.32 66.70 47.11 9.22 
20
 m
et
er
s 
Min 1.50 0.25 1.50 1.00 
Max 57.00 215.00 90.00 18.00 
Average 14.97 54.36 22.34 5.69 
STDEV 17.02 61.01 22.39 5.30 
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Figure 17. Sediment volume measurements from plates for each distance on a seasonal basis: 
October 2016 to January 2017 (A); January to April 2017 (B); April to July 2017 (C); and July to 
October 2017 (D). Error bars represent standard error. 
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Figure 18. Sediment volume measurements from plates for each site on a seasonal basis: Site 1 
(A); Site 2 (B); Site 3 (C); and Site 4 (D).  
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4.1.1 Sedimentation by season 
Mean sediment thickness for all sites and distances was 0.19 ± 0.05 cm (number after ± is 
the standard deviation) during the Fall season (October 2016 to January 2017) and increased with 
every season throughout the year with 0.26 ± 0.11 cm, 0.48 ± 0.12 cm, 0.63 ± 0.15 cm, in the 
Winter, Spring, and Summer, respectively. Wet sediment volume followed the same trend as 
sediment thickness by increasing with every season (26.49 ± 59.34 mL in the Fall, 34.64 ± 68.91 
mL in the Winter, 67.53 ± 75.78 mL in the Spring, and 76.78 ± 78.49 mL in the Summer). 
Although the overall general trend was increasing, trends by site and distance varied. A detailed 
breakdown of the sediment deposition (sediment thickness and wet volumes) at each site, distance, 
and season can be seen above in Table 8 and Table 9 along with Figure 16, Figure 17, and Figure 
18.  Additional information and results for seasonal sediment deposition can be seen in Appendix 2 
(additional in-Situ Sampling). 
4.1.2 Sedimentation by site 
Sediment deposition for each site was measured by averaging all measurements for each 
distance. Site 1 received the most sediment at 5 m (1.27 ± 0.71 cm) with decreasing sediment 
deposition further into the marsh (0.43 ± 0.24 cm, 0.11 ± 0.11 cm, and 0.08 ± 0.12 cm, at 10, 15, 
and 20-m respectively). The wet sediment volumes followed the same pattern as sediment 
thickness with the greatest volume at 5 m (168.23 ± 119.53 mL) with less on each of the 
subsequent plates. The average volume of sediment deposited at Site 1 over the one-year study 
period was 70.49 ± 88.71 mL. Site 2 did not follow the same trend as Site 1 and received the 
greatest sediment deposition at both 5 m (0.51 ± 0.52 cm) and 10 m (0.53 ± 0.57 cm) then 
decreased at 15 m (0.40 ± 0.41 cm), and 20 m (0.39 ± 0.44 cm). The wet sediment volume also 
followed a similar pattern to the sediment thickness with slightly more sediment at 5 and 10 m than 
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the other three distances. The average wet volume at Site 2 was slightly higher than Site 1 with 
70.73 ± 85.68 mL. Site 3 followed similar trends as Site 2 with the greatest deposition at 5 m (0.49 
± 0.55 cm), followed by 15 m (0.20 ± 0.18 cm), 10 m (0.18 ± 0.22 cm), and 20 m (0.10 ± 0.10 cm). 
Additionally, the average sediment thickness on the plates at Site 3 was less than those of Sites 1 
and 2, which corresponded to an average wet volume of 50.98 ± 66.24 mL, also less than that of 
Sites 1 and 2. The average wet volumes however, followed the trend of the sediment thickness in 
that 5 m had the most (106.84 ± 100.81 mL) followed by 15, 10 and 20-m. Site 4 followed the 
same trend as Site 2 in that nominally more sediment was deposited at 10 m (0.15 ± 0.13 cm) than 
the 5 m (0.10 ± 0.08 cm), 15 m (0.07 ± 0.07 cm), and 20 m (0.05 ± 0.07 cm). The average wet 
sediment volume also followed a similar pattern to the sediment thickness in that 10 m (11.77 ± 
8.64 cm) had the most sediment deposition, followed by 5, 15, and 20-m. The average wet volume 
was significantly lower than that of the other 3 Sites (13.23 ± 13.33 mL).  
The porosity at each site, averaged over the four seasons, indicates that Site 2 has the 
highest porosity (0.55 ± 0.29), followed by Sites 3 (0.46 ± 0.33), 1 (0.30 ± 0.37), and 4 (0.18 ± 
0.21). Similarly, the bulk density was greatest at Site 2 (0.85 ± 0.29 g/cm3), followed by Sites 1 
(0.55 ± 0.48 g/cm3), 3 (0.54 ± 0.30 g/cm3), and 4 (0.35 ± 0.22 g/cm3).  
4.2 Micro-bead analysis 
Silica micro-beads were used as a tracer to determine eroded sediment delivery into the marsh 
and addresses objective 3. The bead results were analyzed for the sediment plates (bead densities) 
and random surface samples (presence or absence). Counting methods can be found in Appendix 3 
(micro-bead method details). 
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4.2.1 17CCT01 (Fall) micro-bead counts 
As stated in the methods, micro-bead density was estimated for 12 of the sediment plates from 
17CCT01 (Fall), one for each site and distance with the exception of Site 4 due to time constraints 
(Table 10). For all 3 sites, micro-bead density was highest at 5 m (distance from shoreline), with 
Site 2 having the highest density of beads in the sample (approximately 4,422 beads/mL) followed 
by Site 1 (2,912 beads/mL) and 3 (1,792 beads/mL). At all Sites, beads decreased with distance 
from the shoreline with slight variations at Sites 2 and 3.  
Table 10. Micro-bead counts for the October 2016 to January 2017 (17CCT01) sediment plate. 
Site 4 was not calculated due to time constraints.  
  Distance 
Size 
Fraction 
Picked 
(μm) 
Percent of dry 
sample 
examined (%) 
Beads in 
Split 
Total 
Beads in 
Sample 
Beads/mL of 
wet sediment 
SI
TE
 1
 
5 32-150 0.39 2,059 527,104 2,912 
10 32-150 37.5 1,222 3263 593 
15 32-150 25 67 268  49 
20 32-150 50 41 82 18 
SI
TE
 2
 
5 32-150 0.2 475 243,200 4,422 
10 32-150 3.13 28 896 56 
15 32-150 25 0 0 0 
20 32-150 9.38 11 117 7 
SI
TE
 3
 
5 32-150 6.25 1,008 16,128 1,792 
10 32-150 100 33 33 4 
15 32-150 6.25 48 768 22 
20 32-150 50 74 148 20 
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4.2.2 17CCT01 random surface samples 
 Due to time constraints, random surface samples were analyzed for presence or absence of 
beads for the Fall (October 2017 to January 2017) season at Site 1 only. The presence or absence 
method yielded beads in all 20 marsh and 20 estuary samples at Site 1, indicating sediments are 
transported or reworked in all directions within 20 m from the shoreline. Additional information 
about random surface samples can be found in Appendix 2 (additional in-Situ Sampling).  
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CHAPTER 5: DISCUSSION 
As stated in the introduction, the hypothesis for this thesis is that it is expected that as the 
shorelines at the four study sites laterally erode, sediments are being transported onto the marsh 
platform and deposited, leading to vertical accretion and long-term survivability of the marsh 
system. The hypothesis expectations are: 
1. The sediment deposited on the marsh will be the greatest nearest the erosional boundary, 
with less sediment being deposited with increasing distance into the marsh.  
2. The origin of deposited sediment will be primarily from the eroding marsh shoreline.  
3. The direction of sediment transport will be normal to the marsh shoreline, resulting in 
correlations between deposition and shoreline change.  
5.0 Marsh shoreline erosion  
Shoreline change rates at GBNERR reveal rapid erosion throughout most of the estuary 
over both the long- and short-term. These results are similar to those of O’sullivan and Criss (1998) 
and Schmid (2000). Passeri et al. (2015) determined that the position of barrier islands influence 
tidal current propagation into the Sound. The importance of barrier islands was explained in Otvos, 
(2007), that determined since the formation of the Grand Batture Islands, which were mostly 
submerged due to erosion and sea level rise by 1979, South Rigolets Island behind the Grand 
Batture Islands chain has experienced at least 500 m of shoreline retreat. As shown in this study, 
South Rigolets Island continues to have the highest erosion rates in the GBNERR. Land cover 
change analysis using satellite data from 1974 to 2001 also indicate significant wetland loss at the 
marsh shoreline (Hilbert, 2006) or pre- and post- Hurricane Katrina (Evans et al., 2012). High 
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marsh shoreline erosion rates could indicate a net loss of marsh area and sediment storage, however 
the processes of sediment delivery and deposition are equally as important.  
Important factors to consider when evaluating marsh shoreline erosion is tidal inundation 
and wave energy. Deposition rates are a function of the duration of inundation (Reed, 1990; 
Cahoon and Reed, 1995; Leonard, 1997; Neubauer, 2002). This means that locations that are 
frequently flooded for longer periods of time tend to have higher deposition rates. Whereas other 
studies such as Ennis et al. (2014) calculated inundation rates using statistical models and digital 
elevation models, this study calculates inundation as the percent of time the water level was above 
the marsh surface elevation (Appendix 2 (additional in-Situ Sampling) section A2.3 Hydrodynamic 
parameters) Lowest inundation was in Winter, with Summer having the highest level of inundation 
for all sites. The Fall and Spring inundation estimates were consistently similar between the two 
seasons at all 4 sites. Over the entire 1-year period, Site 4 had the highest percent of inundation 
because of its low elevation, followed by Sites 3, 1, and 2, respectively. However, based on 
elevation, tidal inundation reached further into the marsh interior (10 m) at site 4 in comparison to 
the other 3 sites (5 m). When factoring in distance, with increased distance into the marsh there is 
greater potential for longer inundation period for each high tide due to the elevated shoreline. From 
5 m to 15 m at Sites 1 and 2, the percent inundated almost doubled, whereas Site 4 the percent 
inundated only slightly increased since there was little change in the elevation profile.  
Site 1 was an open bay shoreline with a pronounced scarp and was determined to have a 
large tidal reach and high wave energy. Between the sediment plate installation in October 2016 
and the collection in January 2017, a large log roughly 5 m in length was found near the 10 m 
plates, likely transported there by waves and tides (Figure 19). By April the log moved back into 
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the marsh an additional 4 meters. By July 2017, the log was no longer located with the site 
boundary, likely transported further inland or into the estuary. The log was consistently located to 
the right of the sediment plate plots, suggesting it moved inland perpendicular to the shoreline. The 
sediment plates were still in their original locations and were flush with the marsh surface so the 
log did not directly impact the plates. The deposition could have been altered based on the logs 
position but based on the flattened direction of the marsh grass the waves still had direct contact 
with sediment plate plots at all distances.  
 
Figure 19. Log transported into the study area and deposited at the 10-meter plates between 
October 2016 and January 2017.  
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 Site 2 was located on an exposed western-facing shoreline and had the most pronounced 
scarp. The time lapse camera (Appendix 2 (additional in-Situ Sampling)), recording images from 
August 2016 until just before April 2017, shows the extreme high of the tidal level (Figure 20) 
followed by the extreme low tidal level (Figure 21). Site 2 was determined to have high wave 
energy and a large tidal range based on the erosion captured on the time lapse camera. The images 
depict that when the water levels are low, waves are hitting the shoreline on the scarp and sediment 
is falling off in clumps. This mass wasting means as clumps fall off they can be pushed onto the 
shoreline or are transported back into the estuary where they break down into loose sediment. This 
is the most common method for shoreline erosion in a high energy marsh environment, thus Site 1 
and 3 were also classified as high energy based on the same visual characteristics. Sites 1 and 2 
have the largest fetch with open access to the Gulf of Mexico so waves and wind have the ability to 
grow larger than those of Sites 3 or 4. Site 3 has a lower fetch length since it is protected to the left 
and right by other marsh platforms. At Site 2, when water levels are elevated to a point above the 
marsh surface there is a transition to waves breaking on top of the marsh platform. The 
combination of these two erosion methods lead to significant vertical and horizontal erosion of the 
shoreline and estuary floor to a point where the shoreline boardwalk and estuary boardwalk were 
eroded away (Figure 22).   
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Figure 20. Elevated tidal levels at Site 2. Water is approximately 0.25 to 0.35 meters above the 
marsh surface.  
 
Figure 21. Extreme low tidal level caused by a spring tide at Site 2. The angled board is 2 meters 
long for reference.  
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Figure 22. Shoreline boardwalk and estuary extension boardwalk eroded away as a result of the 
high wave and tidal energy.  
 Site 4 was determined to be low energy based on the gentle transition from land to water 
and visual conditions around the site. Surrounding the site on all sides was marsh platforms with 
Juncus roemerianus that blocked winds from creating large waves. The tidal influence was more 
noticeable at this site due to the gentle land to water transition. Based on observed conditions 
throughout the year, the marsh was inundated except at lowest tides and, unlike the other sites, was 
submerged well past the 20-m plate locations. Site 4 has the lowest fetch length since it is located 
in tidal creek with marsh platforms on all sides.  
 The energy levels at each site had a direct correlation to the results of the long and short-
term shoreline change analyses. Site 2 was eroding at the fastest rate followed by Sites 1 and 3, 
with Site 4 eroding at rate within the GPS positional error over the short term. Over the long-term 
however, Site 2 was eroding the fastest followed by Site 3, 4, and 1, respectively. Site 2 was 
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thought to be eroding at the fastest rate due to the large-scale erosion of the Grand Batture Islands 
that once protected the area. After the barrier island eroded, fetch increased and increasing wave 
energy and erosion rate.  
5.1 Sediment deposition 
Sediment deposition at GBNERR reveal sediment is typically deposited within 5 m of the 
shoreline with decreased delivery further into the marsh. The amount of sediment deposited at each 
distance was dependent on the wave energy and tidal level at each site and was spatially variable. 
Stumpf (1983) determined that Spartina alterniflora was directly responsible for up to 50% of the 
suspended sediment being settled out of the water within a Delaware marsh. Grand Bay marshes 
consisted of Juncus roemerianus and Spartina alterniflora, depending on the study site. The 
depositional patterns observed in Grand Bay are supported by Gleason et al. (1979) and Stumpf 
(1983), that marsh grasses encourage deposition, since there was decreased deposition with 
increased distance inland. Neubauer et al. (2002) observed both increased deposition closer to the 
shoreline and spatial variability of deposition on sediment plates. The seasonal increase in sediment 
deposition was also observed in Neubauer et al. (2002), with winter having the least sediment 
deposition and summer the greatest. Increased deposition rates at 5 m could indicate a net gain of 
marsh surface elevation as sediments are eroded from the shoreline and transported onto the marsh 
platform.  
Although Site 2 had the highest erosion rate it had the second most amount of sediment 
deposited at 5 m in terms of sediment thickness and the 3rd most in terms of sediment volume. 
However, Site 2 consistently had more sediment (in terms of thickness and volume) deposited on 
the 10, 15, and 20-m plates than the other sites. This could potentially be due to the higher wave 
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energy causing sediments to erode rapidly near the shoreline and become deposited and reworked 
further into the marsh. The grain size is also a factor for sediment transport considerations. Sites 1, 
2, and 3 had a higher percentage of sand in the sample than Site 4 that was predominantly mud 
(smaller particles). The smaller particles take less energy to transport than the sand so sediment 
movement is easier at Site 4 than the other sites.  
Christiansen et al. (2000) conducted a study along a mesotidal, mainland fringing marsh on 
the Atlantic coast of Virginia to observe flow and sediment transport within the marsh. They 
suggest that the highest flow velocities on the marsh occur at the onset and end of a tidal cycle with 
the end being slightly higher than the onset. However, they also recorded higher suspended 
sediment concentrations at the marsh edge at the onset of a tidal cycle with decreased suspended 
sediments with increased distance from the shoreline. This correlated to more sediment transported 
into the marsh during higher tides, increasing rates of deposition at closer distances to the shoreline 
with vegetation promoting deposition. On the other hand, their data suggest that once sediments 
were deposited on the marsh surface there was no indication of resuspension at any time, including 
falling tides when flow velocities and stresses on the marsh surface were greatest. The general 
depositional trends described in Christiansen et al. (2000), are present in this study with more 
sediments being deposited closer to the shoreline and less with increased distance from the 
shoreline. This correlates to increased sediment suspension near the shoreline that decreases with 
distance into the marsh. Unlike the Virginia study area, Grand Bay has higher wave, wind, and 
tidal energy, so sediments were more likely to be reworked within the marsh system at Sites 1, 2, 
and 3. Site 4 has similar site conditions to those described by Christiansen et al. (2000), but 
unfortunately no bead counts were present to observe trends. The deposition at Site 4 was 
consistently less that the other sites, suggesting less initial sediment transport and reworking than 
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the other sites. However, the higher percentage of mud sized grains and higher organic content 
suggest that the grains are more easily transported than the sand at the other sites, thus the 
reworking potential is greater at Site 4. However, according to Morris et al. (2016) the organic 
material alone is not enough for a marsh to survive long term and there must be significant input of 
mineral sediment.  
Based on the results of this study, the first testable expectation that the sediment deposited 
on the marsh will be the greatest nearest the erosional boundary, with less sediment being deposited 
with increasing distance into the marsh is supported. The deposition results show that typically the 
most sediment was deposited at the 5 m distance with less sediment being deposited further into the 
marsh. While there was seasonal variability with the amount of sediment being deposited, the same 
pattern was observed for all seasons with less sediment with increased distance into the marsh. As 
noted by Marani et al. (2011), as a shoreline erodes laterally the marsh surface accretes vertically to 
maintain marsh stability. As was the case with the all sites in this study, as the shoreline eroded 
laterally the marsh accreted vertically with organic and inorganic material to maintain marsh 
stability. 
5.2 Sediment delivery (sediment tracer) 
Sediment deposition at GBNERR reveal that as sediment is eroded from the shoreline it is 
transported onto the marsh platform and deposited. Bead counts confirm that sediment from the 
shoreline is primarily deposited at closer distances to the shoreline and decreases with distance 
inland. Few studies have incorporated sediment tracers in the form of silica micro-beads. Despite 
studies such as Galuszka and Migaszewski (2017) that suggest glass micro-beads are present in 
environments near urban areas due to their increasing industrial use (silica micro-beads used in 
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road construction and painting), the GBNERR study sites are removed from urban areas so there 
was determined to be no conflict with using the silica micro-beads. Smith et al. (2007) used plastic 
micro-beads impregnated with fluorescent dye to track sediment movement from mounds of 
dredged sand as they eroded. The overall finding of their study was similar to those observed in 
GBNERR in that there is a significant spatial variability within the results, but typically there were 
more beads in the samples closer to the source than further away. Although other methods of 
tracking sediment movement exist, the use of micro-beads provides a low-tech and cost-effective 
method for tracking sediment movement over the long-term.  
While Site 2 had the highest density of beads at 5 m, the 10, 15, and 20-m plates had lower 
bead densities than the other sites, with the exception of Site 3 (10 m). The lower bead densities 
could be due to the amount of sediment examined for bead counts since Site 2 had a greater volume 
of sediment deposited on the plates than the other sites, the percent of sediment examined for beads 
was less-than the other sites. The inundation estimation shows that Site 2 was inundated less than 
the other sites so beads were only able to become transported into the marsh for roughly 7% of the 
Fall season, assuming sediment transport only occurs during inundation events. With the higher 
marsh elevation and low inundation times, it is likely that bead plot sediments were transported 
during high energy inundation events and buried by the sediment eroding from the marsh shoreline 
with minimal movement into the marsh or reworking. While sediment plates were deployed up to 
20-m inland it was likely that the increased wave energy and tidal reach at Site 2 caused beads to 
be transported past 20-m.   
The second testable expectation that the origin of deposited sediment will be primarily from 
the eroding marsh shoreline is supported based on the bead count results. Although the greater 
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estuary can provide sediment input, the density of beads on sediment plates closest to the shoreline 
suggest the material is from the eroding shoreline. The highest density of beads was found on the 5 
m plates at all sites with beads on all plates further into the marsh, with the exception of Site 2 (15 
m). The presence of beads at all distances suggests that the sediment eroding from the shoreline was 
transported into the marsh with the most deposition at 5 meters and less with increased distance. 
Although the overall transport path of the sediment tracer is unknown, the source of the tracer is 
known, thus the general assumption can be made that the sediment was ultimately transported and 
deposited onto the plates from the eroding shoreline. While there were no beads observed on the 15 
m plates at Site 2, there were beads on the 20 m plate, suggesting the sediment with beads was at 
some point at the 15 m distance. The lack of beads at the one distance could be due to the small 
amount of sediment examined for beads, or a bead was missed while the sediment was being 
examined.  
The random surface samples analyzed for presence or absence of beads at Site 1 were 
collected from both the marsh and estuary in all directions around the bead plot. The 20 marsh and 
20 estuary samples all had a presence (three or more beads) in the sample. This means that 
sediments are transported or reworked in all directions from the bead plot within a 20-m radius 
during the 3-month period. Site 1 was determined to be high energy so it is likely that the beads 
were transported beyond the 20 m study area. The inundation estimates suggest that 5 m from the 
shoreline the marsh was inundated 10% of the time with 10 m being inundated 17% of the time and 
15 and 20-m being inundated 21% of the time. Sediments past 10 m had a higher chance of being 
reworked since they were inundated for longer periods of time. The higher inundation times were 
due to the elevation being highest at 5 m and decreasing to 20 m. Elevation profiles for each site 
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are located in Appendix 2 (additional in-Situ Sampling) Section A2.0 GPS and Elevation data 
collection.  
The third testable expectation that the direction of sediment transport will be normal to the 
marsh shoreline, resulting in correlations between deposition and shoreline change was supported. 
The short-term shoreline erosion rate was greatest at Site 2 but the amount of deposition at Site 2 
was less than that of Site 1 in terms of average amount of sediment deposited. The bead densities at 
Site 2 were greater than those at Site 1. While Site 1 had more sediment deposited on the 5-m plate 
that that of Site 2, the 10, 15, and 20-m plates at Site 2 had more sediment than those at Site 1. This 
suggests that the higher shoreline change is a result of greater wave and tidal energy that forces 
sediments further into the marsh and causes more reworking of the sediment. At Site 1 the linear 
regression rate was less than half that of Site 2, yet there were almost double the amount of beads on 
the 5 m plates with just over 10 times more beads at 10 m. Whereas the higher energy at Site 2 is 
thought to have caused sediments to move into the marsh more rapidly, the lower energy and 
erosion rate at Site 1 allowed for more deposition of eroding shoreline sediments throughout the 
marsh that decreased with distance from the shoreline. On the other hand, Site 3 had the least energy 
of the 3 sites, which correlated to less beads overall and more sediment deposition at 5 m than that 
of Site 2, again suggesting higher wave and tidal energy cause sediments to be transported further 
into the marsh more rapidly. When examining the direction of the sediment movement the random 
surface samples were used. Since there were beads present in all the samples from Site 1, the 
direction of sediment transport cannot be determined. While the sediment plates suggest a general 
trend of how sediments are dispersed into the marsh, it does not account for any other direction 
besides perpendicular to the shoreline.  
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5.3 Lessons learned 
Overall, the in-situ sediment data collection for both the sediment plates and random 
surface samples was generally problem free, however there are a variety of concerns. After 
assessing the elevation profile and site conditions at Site 4 over the 1-year study period, it was 
determined that the boardwalk location should have been shifted 5 m into the marsh. While the 
bead plot elevation was above 0 m (NAVD88) at Sites 1, 2, and 3, it was below 0 m at Site 4. This 
meant that the plot was almost always inundated with water. The vegetation at Site 4 does not have 
an abrupt start as it does with the other sites so assessing where the shoreline was actually located 
was difficult. In the future, elevation profiles should be collected at potential sites before building 
boardwalks to better determine where to place it.  
 The boardwalks provided a significant advantage to moving around the marsh with minimal 
impacts, but the plates were occasionally hard to reach and required stepping into the marsh. To 
alleviate this, the boardwalks should be lowered to roughly 1 ft above the marsh surface and the 
sediment plates should be placed closer to the boardwalk, within arm length. The boardwalks were 
fairly sturdy with multiple people standing on them but an increased width of the boards was easier 
to move on and required less maintenance than longer skinnier boards. The erosion at Site 2 caused 
the boardwalk to erode away, suggesting the legs of the boardwalk should be driven further into the 
marsh near the shoreline for added support.  
The main concerns with the plates are that they only show depositional events and do not 
take into account erosion. Once the plates were deployed they were left for 3 months to collect 
sediment and during this time, sediment on the plates potentially underwent a cycle of deposition 
and erosion. The final result of this cycle was what was measured in the sediment thickness and 
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volume measurements. The same idea applies to erosional or depositional events such as storms. 
The plates could have had a large amount of sediment on then but after a storm passed through the 
area the increased rain, tide, or wave energy could have resulted in a large erosional event. This 
would have resulted in reporting minimal deposition, when in-fact there was a lot of deposition but 
one event skewed the results. 
 Another concern with the plates is that they are deployed in a living marsh with vegetation 
and small animals constantly moving. When the plates were deployed they were flush with the 
marsh surface, but when some were collected they were crooked due to vegetation growing up and 
pushing the plate. While this only occurred with a minimal number of plates, it was still an issue 
that was noted and documented when processing sediment in the lab and counting beads.   
 The random surface samples were generated using a random distance and angle from the 
shoreline boardwalk to get samples from all around the study site. After plotting the locations post-
fieldwork, there were clusters and gaps from where the samples were collected. The process of 
collecting the samples is also a potential source for errors. While all efforts were taken to avoid 
stepping in locations where a sample needed to be collected, it was inevitable we would 
accidentally step in a collection area due to the large scale of where samples were to be collected 
from. Moving forward a better collection method, especially for the estuary samples, will be 
developed to minimize stirring up estuary sediments. The presence and absence of micro-beads 
method was insufficient for this study because beads were present in all samples. For this reason, a 
density counting method, as used for the sediment plates, should be used for future analyses.  
Over the course of this project, the methods continuously evolved and are still evolving to 
better guide the future of the project. While 17CCT02 (Winter), 17CCT03 (Spring), and 17CCT04 
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(Summer) were all sampled using the same methods the same is not true for 17CCT01. As with any 
project, it is impossible to predict what data will be produced while the equipment is in the field, as 
was the case with the 17CCT01 sediment plates. Methods were established before the plates were 
collected but there was a larger range of deposition on the plates than expected so the methods had 
to be adjusted. In this adjustment period the samples were processed using various methods that 
eventually lead to the final result used in 17CCT02, -03, and -04. The main difference to note 
between 17CCT01 and the subsequent seasons is that the sediment was dried first then it was 
determined that we should collect sediment volumes. This means that the wet sediment volume for 
17CCT01 was a reconstituted volume post-drying. The sample was weighed before drying to get a 
wet sediment weight, which was used to determine how much water to add to the sample to 
reconstitute it before taking a volume measurement. For the subsequent seasons the volume was 
taken before drying to get an accurate volume.  Due to the large scale of samples that needed to be 
processed a series of undergraduate interns were brought in to assist in the lab and counting beads.  
While every precaution was taken to double check what they were doing and the results 
they were getting there were occasional communication errors that lead to issues. The 17CCT01 
sieving was one area of concern, as the samples were being jointly used for this project as well as 
other USGS researchers involved with foraminifera and diatom research. Although trained, the 
interns had never sieved samples involved with microfossils before. While the samples were sieved 
sufficiently for beads they were not at the level needed for microfossils, thus they were sieved 
again, and in some cases sieved a third time. Every sieving episode introduced a potential source of 
error for loss of beads and should be considered when assessing the final bead counts. The other 
issue was with sediment thickness measurements from 17CCT04 plates. A new set of interns were 
brought on at the start of the semester, and while every precaution was taken with training and 
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assessing their work, the plates at Sites 3, 4 and half of Site 1 did not have sediment thickness 
measurements collected due to an error in communication.  
Due to time constraints and the amount of time it took to process samples in the lab and 
count beads, only a small portion of samples were able to be counted for beads for this thesis. As 
noted in the methods, 16 sediment plates from 17CCT01 were selected for bead counts. 4 of the 16 
plates (plates from Site 4) were not counted due to time constraints. Of the 12 plates that were 
counted, there were 2 methods for bead counts. Since the plates were being counted by someone 
doing foraminifera (foram) assessments they counted beads at the same time. The process was 
taking longer than expected so the foram counts were stopped and a new, faster, bead counting 
method was established. Ultimately the counting error from both methods was assessed and 
determined to be the relatively equal.  Ideally, an automated method for bead counting should be 
developed using image analysis. A FlowCam and a CAMSIZER were both used as preliminary 
testing methods but were not used for this thesis due to a lack of long-term access.  
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CHAPTER 6: CONCLUSION 
 
 Grand bay is a highly dynamic salt marsh system that is susceptible to erosion and accretion 
of sediments. Over the last 150 years, the shorelines of Grand bay have been eroding at an average 
rate of -0.93 m/yr with increased erosion over the short term (-1.45 m in 2017). Wave and tidal 
forces cause sediment to be eroded from the shorelines and transported onto the marsh platform or 
reworked into the estuarine system. The results of this thesis suggest that sediment is eroded from 
the shorelines, due to waves and tides, and is eventually deposited on the marsh or can be 
transported into the estuary. The variation of wave and tidal energy cause variations with where the 
sediments are ultimately deposited within the marsh system. Site 2 was determined to have the 
highest fetch and wave energy, which correlated to increased sediment deposited further into the 
marsh. Over the long-term, the data suggests that Grand Bay will be able to cope with rising sea 
levels due to the sediments accreting on the surface of the marsh, which help to maintain the heath 
of the marsh. The large expanse of the Grand Bay salt marsh system will allow the marsh to 
continue transgress landward as the shoreline erodes laterally and sediments are accreted vertically. 
The basic concept of using sediment plates and tracer sand can be applied to almost any coastal 
system to determine sedimentation rates. 
Coastal marshes serve important ecologic and economic functions, such as providing 
habitat, absorbing floodwaters and storm surges, and carbon sequestration. Throughout the 
northern Gulf of Mexico, coastal marshes are disappearing due to wave attack, sea-level rise, 
sediment export, and subsidence. Marsh area increases when sediments accumulate at the marsh 
shoreline, accrete vertically, and when non-marsh areas are colonized by marsh vegetation. Marsh 
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shoreline erosion results in net marsh loss when transgression rates at the marsh-water edge exceed 
upland-marsh migration. The balance between marsh destroying and marsh creating processes 
determines the long-term survivability of a marsh system. Thus, processes of shoreline change are 
important considerations when evaluating the overall health and vulnerability of coastal marshes. 
To understand the shoreline-change processes and to assess wetland persistence over the long-
term, this study compared shoreline change rates and in-situ sediment deposition and delivery to 
determine whether marsh shoreline erosion result in sediment deposition that can help marshes 
persist under sea level rise? 
• Site 1, 2, and 3 were high energy open bay environments and Site 4 was a low energy tidal 
creek environment 
• From 1848-2017 Grand Bay eroded at -0.93 m/yr (R2=0.71)  
o Rates between -6.54 and 1.11 m/yr 
o Site 2 has the highest erosion rate of -0.84 m/yr (R2=0.90), followed by Site 3, Site 
4, and Site 1 rates of -0.29 m/yr (R2=0.80), -0.14 m/yr (R2=0.54), and -0.07 m/yr 
(R2=0.06), respectively.  
• In 2017 Grand Bay eroded at 1.45 m/yr (R2=0.79) based on average of all study site 
transects 
o Site 2 had the highest erosion rate of -3.39 m/yr (R2=0.90), followed by Site 1 and 
Site 3 with rates of -1.06 m/yr (R2=0.87) and -0.50 m/yr (R2=0.63), respectively. 
• Average sediment thickness for all sites and distances was 0.19 ± 0.05 cm during the Fall 
and increased with every season (0.26 ± 0.11 cm, 0.48 ± 0.12 cm, 0.63 ± 0.15 cm, in the 
Winter, Spring, and Summer, respectively). 
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• Wet sediment volume followed the same trend as sediment thickness by increasing with 
every season (26.49 ± 59.34 mL [Fall], 34.64 ± 68.91 mL [Winter], 67.53 ± 75.78 mL 
[Spring], and 76.78 ± 78.49 mL [Summer]). 
• Site 1 received the most sediment at 5 m (1.27 ± 0.71 cm) with decreasing sediment 
deposition further into the marsh (0.43 ± 0.24 cm, 0.11 ± 0.11 cm, and 0.08 ± 0.12 cm, at 
10, 15, and 20-m respectively). 
• Site 2 received the greatest sediment deposition at 10 m (0.53 ± 0.57 cm) than at 5 m (0.51 
± 0.52 cm), 15 m (0.40 ± 0.41 cm), and 20 m (0.39 ± 0.44 cm). 
• Site 3 had the greatest deposition at 5 m (0.49 ± 0.55 cm), followed by 15 m (0.20 ± 0.18 
cm), 10 m (0.18 ± 0.22 cm), and 20 m (0.10 ± 0.10 cm). 
• Site 4 had the more sediment deposited at 10 m (0.15 ± 0.13 cm) than the 5 m (0.10 ± 0.08 
cm), 15 m (0.07 ± 0.07 cm), and 20 m (0.05 ± 0.07 cm). 
• Micro-beads were the most abundant in the 5 m samples 
o  Site 2 had the highest density of beads in the sample (approximately 4,422 
beads/mL) followed by Site 1 (2,912 beads/mL) and 3 (1,792 beads/mL). 
• Beads were found in all random surface samples from both the marsh and estuary at Site 1 
o Sediments are transported or reworked in all directions within 20 m of the eroding 
marsh shoreline  
Overall, it was expected that as the shorelines at the four study sites laterally erode, 
sediments are being transported onto the marsh platform and deposited, leading to vertical accretion 
and long-term survivability of the marsh system. The results of this study support the hypothesis 
because as the marsh shorelines erode, sediment was deposited on the marsh surface and marsh 
stability was maintained. However, sediments are also transported in all directions from the eroding 
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shoreline so some sediment is lost to the estuarine system. Sites with more exposure to wind and 
waves correlated to a higher shoreline erosion rate and increased deposition on the sediment plates. 
Typically, deposition was greatest near the shoreline, between 0 and 5-m for all study sites. The 
increased wave and wind exposure at Site 2 caused increased sediment deposition at 10, 15, and 20-
m, with sediment potentially moving inland beyond 20-m. The sediment deposited in the interior of 
the marsh allows for elevation gains as the shoreline continues to erode, thus lateral erosion 
correlated to vertical accretion. The marsh rollover process can continue until it is stopped by an 
upland boundary, assuming the marsh and estuarine systems remain untouched by human 
modifications. For this reason, Grand Bay marsh systems surveyed in this thesis have the ability to 
adapt to sea level rise for long-term survivability, thus the hypothesis and all testable expectations 
are supported.  
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APPENDIX 1 (SEDIMENT PLATE CONSTRUCTION) 
The basic sediment plate components can be broken down to those seen in Table 11.  
Table 11. Materials used to build 64 sediment plate stems and 128 sediment plates. 
Sediment plate stem Sediment plate 
Material Number used  Material 
Number 
used  
3/4 in. PVC pipe (10 ft.) 7 4.25 x 4.25 in. white ceramic tiles 128 
3/4 in. PVC SxFPT  female end 
adaptor 
64 3/4 in PVC flat top end cap (male end with 
threads) 
128 
PVC purple primer 1 #10 3/4 in. stainless steel flat top screws 128 
PVC glue 1 Loctite Marine Epoxy 3 
   3/16 in. glass and tile drill bit 
1 
   5/16 in. glass and tile drill bit 
1 
 
 
To build the stems each of the ¾ inch (in.) x 10-foot (ft.) PVC class 200 plain-end pipes 
were cut into 1-foot sections. One end of each 1 ft. pole was primed glued to a 3/4 in. PVC 
schedule 40 female S x FPT adapter using PVC purple primer and glue. After gluing each of the 
female adaptors to the poles they were set out to dry for 24 hours. Once dry, holes were drilled into 
each stem so when they were installed into the marsh air could escape, allowing for easier 
instillation and removal.  
To build the sediment plates each 4.25 in. x 4.25 in. ceramic tile was examined to ensure 
there were no cracks or chips that could potentially affect the sediment deposition. Using an 
abrasive blast cabinet, commonly referred to as a bead blaster, a 2 in. x 2 in. square was sanded off 
the center of the shiny side of each tile to remove the shiny top coat and allow for a better bond 
with the glue. Using a drill press and the 3/16 in. glass and tile drill bit, a hole was drilled into the 
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center of each tile. With the tiles upside down (shiny side down), a 5/16 in. glass and tile drill bit 
was used to counter sink the screws down into the tile so the top of the screw was flush with the 
surface of the tile.  Each of the 3/4 in. PVC flat end plug tops, referred to as the endcap, were 
sanded down to remove the purchase sticker and any imperfections to ensure a completely flat and 
rough top. Using a 9/64 in. drill bit, a hole was drilled into the top center of each end cap. The end 
cap was placed into a vice with the flat top up. Loctite Marine Epoxy was spread on the top of the 
end cap and the tile was gently placed on top with the shiny side down, ensuring the screw holes 
lined up. A #10 three-quarter inch stainless steel screw was then used to permanently connect the 
tile and end cap. The completed plates were then left to dry for 48 hours before being numbered 
with permanent marker and enamel paint. The plates were then flipped over and a small amount of 
marine epoxy was inserted into the top of the screw to ensure it was a flat smooth surface. Each 
plate was weighed to get a pre-deployment weight. An example of the final plate can be seen in 
Figure 23.     
 
 
Figure 23. Top view of a sediment plate (A), and a side view of an upside-down plate (B). Each 
sediment plate is a 4.2- inch by 4.25-inch ceramic tile screwed and glued to a PVC endcap.  
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APPENDIX 2 (ADDITIONAL IN-SITU SAMPLING) 
A2.0 GPS and Elevation data collection 
GPS data was collected because it provides high resolution, small scale location and elevation 
data in the marsh and estuary, giving context to the measurements that are used to test the 
relationship between marsh-deposition and shoreline change. GPS and elevation data were used 
when assessing all hypothesis expectations, along with all objectives.  
Location and elevation data were collected for this project in the form of shoreline locations, 
marsh and estuary elevations, and sample location mapping, and equipment positions. For this 
reason, at the start of each field work trip, two GPS base stations were re-occupied by USGS 
personnel. Benchmark 189A was located North-North West (NNW) of the survey area near the 
entrance to the GBNERR, B166 was located North-North West survey area near the boat ramp 
used for this survey (Figure 24). The base stations were equipped with Ashtech Proflex Differential 
GPS (DGPS) receivers recording 12-channel full-carrier-phase positioning signals (L1/L2) from 
satellites via Thales choke-ring antennas, recording at 1 second intervals.  
GPS instrumentation was duplicated on two rovers with Ashtech Z-Extreme receivers and 
Marine Antennas fixed to survey rods, also surveying at 1 second intervals for 30 second and 300 
second occupations depending on the survey being conducted. The base station and rover receivers 
recorded positions concurrently at all times throughout the survey. Rover units were used to collect 
the data in the marsh while the base stations remained stationary (Figure 25). For the purpose of 
this paper the rover data collection will simple be referred to as DGPS data. The DGPS data 
provides location (latitude and longitude) data as well as elevation. The DGPS data was checked 
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every night to ensure data was collected on both the rover and base station units. DGPS data was 
then processed by USGS personnel. At the end of every trip the base stations were removed so 
other researchers could occupy the benchmarks. Specific uses will be discussed in the sections 
below.  
 
 
Figure 24. GPS base stations re-occupied by USGS during this study. (A) Benchmark 189A was 
located North-North West (NNW) of the survey area near the entrance to the GBNERR, and (B) 
benchmark B166 located North-North West survey area near the boat ramp used for this survey. 
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Figure 25. Differential Global Positioning System (DGPS) satellite receiver on a stadium rod used 
to get location and elevation data. 
 
A2.1 Marsh elevation profiles 
Marsh elevation profiles were collected using the DGPS set to a 30 second occupation time 
during various seasons. The elevations were collected in the bead plot as well as 5, 10, 15, and 20-
m next to the sediment plates at each site and standard errors were calculated.  
Elevation profiles were created for each site by averaging the seasonal elevation 
measurements at each distance, with 0 m being the bead plot (Table 12 and Figure 26). Elevation 
data was referenced to the North American Vertical Datum of 1988 (NAVD88). Sites 1, 2 and 3 
have similar elevation profiles with highest elevation at 5 and 10-m and gradually decline to 20 m. 
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The berm at Site 2 was much wider than that of Sites 1 and 3, and extends from 5 m to the 10 m.  
On the other hand, the elevation at Site 4 was consistently lower than that of the other 3 sites. Site 4 
peaks in elevation around 10 m and gradually declines until 20 m. Site 2 had the highest elevation 
at all distances relative to the other sites, with Site 4 having the lowest marsh elevations.  
Table 12. Average Marsh elevation and standard error for each site and distance. 
  Distance Average Elevation Standard Error 
Si
te
 1
 
0 0.23 0.29 
5 0.43 0.23 
10 0.37 0.24 
15 0.34 0.24 
20 0.34 0.22 
Si
te
 2
 
0 0.42 0.14 
5 0.46 0.12 
10 0.45 0.14 
15 0.39 0.20 
20 0.34 0.16 
Si
te
 3
 
0 0.28 0.14 
5 0.35 0.19 
10 0.29 0.19 
15 0.29 0.19 
20 0.25 0.19 
Si
te
 4
 
0 -0.10 0.11 
5 0.17 0.22 
10 0.25 0.20 
15 0.20 0.13 
20 0.16 0.13 
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Figure 26. Elevation profiles for each of the four study sites based on elevation and standard error 
values in Table 12.  
 
A2.3 Hydrodynamic parameters 
 Although water level loggers were installed at each of the sites, the data was not used for 
this thesis due to complications with data collection and processing. As a proxy, water level data 
was collected from nearby logging stations operated and maintained by the National Oceanic and 
Atmospheric Administration, National Ocean Service, and provided by the Center for Operational 
Oceanographic Products and Services (CO-OPS) via https://tidesandcurrents.noaa.gov/. The CO-
OPS data was compiled for each season and averaged plotted with preliminary water level data 
collected at each site to check for accuracy between the sources. Ultimately, both sources matched 
sufficiently well, thus the CO-OPS data was used.  
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The water level logger wells were installed on the marsh platform, at different locations 
between 0 and 15 m from the shoreline based on the site conditions (Figure 27). The wells were 
made of either PVC with small slits cut in it or metal (cast iron and stainless steel) with small 
punched out holes wrapped in a 177 μm screen. Both well types were 2 meters tall so they were 
hammered roughly 1.5 m into the ground. The exact depth was measured and recorded for later 
GPS and water level data processing. The pre-programmed water level loggers were tied to the 
well cap and inserted roughly 1 m into the well. Once the well cap was on, the elevation and 
coordinates were taken at the at the marsh surface at the base of the well and on top of the well cap, 
using a DGPS rover set to a 300 second occupation time.  
 
Figure 27. Image of boardwalk and water level logger at the end of the 10-meter boardwalk at Site 
2.  
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Also, at Site 2, the time lapse camera was installed 5 m away from the center of the shoreline 
boardwalk at a 45-degree angle in the estuary. Figure 28 shows an image taken from the time lapse 
camera just after instillation. The coordinates of the time lapse camera were recorded using the 
Ashtech Rover DGPS unit with a 300 second occupation time.  
 
Figure 28. Image captured by the time-lapse camera at Site 2.  
 
Inundation was determined by identifying the frequency of water level was measured above 
the highest marsh elevation closest to the shoreline (5 m for Sites 1, 2, and 3 and 10 m for Site 4). 
For the elevations see Table 12. Inundation estimations are provided in Table 13 and Table 14, and 
plotted in Figure 29. Additionally, the upper and lower inundation extremes were calculated by 
using the elevation plus or minus the standard error (elevation ± standard error) instead of the 
elevation value alone.   
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Table 13. Percent of time marsh was inundated during each season at each site. 
 
Percent of 
time 
inundated  
Percent of 
time 
inundated 
(lower 
extreme) 
Percent of 
time 
inundated 
(upper 
extreme) 
Percent of 
time 
inundated  
Percent of 
time 
inundated 
(lower 
extreme) 
Percent of 
time 
inundated 
(upper 
extreme) 
 
Site 1 Site 2 
Fall 9.82 41.14 0.26 7.70 19.29 1.85 
Winter 4.72 31.27 0.22 3.10 12.22 0.76 
Spring 8.92 46.96 1.44 6.76 19.35 2.50 
Summer 15.58 61.71 2.65 12.02 32.18 4.94 
  Site 3 Site 4 
Fall 18.75 48.67 3.29 33.41 68.58 8.41 
Winter 11.77 37.76 1.17 25.42 60.76 3.57 
Spring 18.76 55.26 3.19 37.17 76.87 7.57 
Summer 31.36 71.06 6.77 51.09 90.35 13.27 
 
 
Table 14. Percent of time marsh was inundated during each season at each site and distance. 
 
 
5  
meters 
10 
meters 
15 
meters 
20 
meters 
5  
meters 
10 
meters 
15 
meters 
20 
meters 
 Site 1 Site 2 
Fall 9.82 16.88 20.71 20.14 7.70 8.77 14.69 19.81 
Winter 4.72 10.13 13.48 12.96 3.10 3.85 8.24 12.71 
Spring 8.92 16.81 21.33 20.54 6.76 7.88 14.40 20.00 
Summer 15.58 28.24 34.69 33.51 12.02 13.81 24.37 32.90 
 Site 3 Site 4 
Fall 18.75 26.41 27.40 32.13 47.44 33.41 42.05 49.49 
Winter 11.77 18.97 20.05 24.39 36.65 25.42 31.91 38.63 
Spring 18.76 28.34 29.65 35.77 54.05 37.17 47.98 56.18 
Summer 31.36 42.89 44.11 49.52 69.79 51.09 62.68 71.99 
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Figure 29. Graphs depicting the percent of time each site and distance was inundated during each 
season at Site 1 (A), 2 (B), 3 (C) and 4 (D).  
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A2.4 Sediment plate collection 
Before going into the field, transport containers, plastic food storage container with a foam 
block insert, were assembled and labeled to safely store the plates and prevent cross contamination 
from other plates. Whenever possible, plates were removed during low tide with minimal water on 
the marsh surface. Using the quadrat and the metal stem of a survey flag, the plates were located by 
identifying the correct quadrat cell and, if not visible, carefully poking into the sediment with the 
survey flag to identify resistance from the ceramic tile. Plates were gently removed from the marsh 
surface, being careful to not disturb sediments (Figure 30). Using a thin spatula, the sides of the 
plate were outlined and then carefully extracted out of the marsh surface, using the survey flag to 
mark the hole. The plate was then unscrewed from the stem. The sides of the plate were scraped 
with the spatula to remove any excess sediment not covering the surface area above the plate. The 
plate was then placed into the foam holder in the container and the lid was gently placed on the 
container as to not press down on the sediment. If the plate had too much sediment to fit the lid on 
the container, the lid was gently laid on top and wrapped with plastic wrap. The plate was then 
placed into the container and plastic wrap was used to secure the lid to the container so no sediment 
could escape. As each plate was removed a new plate was screwed onto the stem and placed in the 
same location as the plate that was there before (the plate #1 removed from the marsh was replaced 
with a new plate #1).  
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Figure 30. Sediment plate collection using a quadrat to find the locations of the plates. 
 
A2.5 Feldspar  
 Feldspar plots were placed at all sites at 5 and 15 meters, with extra plots at other distances 
depending on the site, in October 2016 to act as a long-term horizon marker allowing for 
remobilization of sediments between seasons. Whereas the plates were collected every 3 months, 
the feldspar remained in the marsh for the duration of this study and was subsampled on different 
seasons. Feldspar is a powder that when mixed with water turns into a semi-hard flexible layer that 
is not easily eroded, thus allowing sediments to be deposited on it. Feldspar plots were created by 
pouring feldspar in a roughly 0.3 m by 0.6 m (1 ft x 2 ft) area and packed down to roughly 2 cm 
thick (Figure 31).  
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Figure 31. Feldspar plot just after instillation.  
  
At the time of plate collection, the feldspar was also sampled to compare the deposition on the 
feldspar versus the plates. The feldspar was used to assess the long-term accretion rates over the 
course of the year. The feldspar was not sampled if the site was inundated with water or if there 
was little to no sediment on top of the feldspar. Figure 32 shows feldspar after being sampled. 
Sediment depth to the feldspar layer was measured every sampling period unless water levels were 
too high to extract a sediment plug (Table 15) 
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Figure 32. Examples of feldspar with sediment after sampling. 
Table 15. Feldspar sampling measurements over the course of a year. Not all feldspar plots were 
sampled every season due to lack of sediment or water inundation at the site as denoted by “---”. 
A/B notes the season the feldspar was deployed with A being 16CCT07 and B being 17CCT01.  
  Distance A/B 16CCT07 (in cm) 
17CCT01 
(in cm) 
17CCT02 
(in cm) 
17CCT03 
(in cm) 
17CCT04 
(in cm) 
Site 1 
5 A 0 2.4 6 ---  1.5 
5 B N/A 0 2.75 ---  6.75 
10 B N/A 0 1.5 0.33 1.45 
15 A 0 ---  0.75 0.375 1.13 
Site 2 
5 A 0 0 0.15 0.5 0.15 
15 A 0 ---  ---  2.2 1.25 
Site 3 
5 A 0 ---  0 2.1 5.3 
10 A 0 ---  0.75 1.3 2.8 
15 A 0 ---  ---  0.8 1.65 
20 A 0 ---  0 1.3 1.7 
Site 4 
5 A 0 ---  ---  0.4 ---  
10 A 0 ---  ---  2.2 ---  
15 A 0  ---  ---  0.25 ---  
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The feldspar at Site 1 also shows the general trend of less sediment being deposited further 
into the marsh with increased distance, as shown on the sediment plates. Sediment deposition for 
Site 1 at 5 m was 1.5 cm and 6.75 cm of sediment on each of the plots at the end of the 1-year 
period, whereas the sediment plates (reported as the sum of the averages of sediment deposited on 
the 4 plates for each of the 4 seasons) had a combined total of 4.90 cm. Site 1 at 10 and 15-m had 
1.45 cm and 1.13 cm, with the plates having 1.74 cm and 0.33 cm respectively. The 10 m plate is 
slightly higher than that of the feldspar, whereas the 15 m feldspar is over double that on the plates.  
The feldspar at Site 2 consistently had more deposition at 15 m (1.25 cm) rather than 5 m 
(0.15 cm), which does not follow the same depositional trend as the sediment plates thickness. The 
total amount of sediment deposited on the sediment plates was 2.05 cm at 5 m and 1.61 cm at 15 
m, with both being higher than the feldspar measurements.  
Site 3 was the only site with feldspar at each of the 4 distances. The general trend of the 
sediment deposited on the feldspar was to decrease with distance from the shoreline into the marsh, 
with the exception of 20 m that was slightly higher than 15 m. Deposition on the sediment plates 
(1.54 cm at 5 m, 1.46 cm at 10 m, 0.55 cm at 15 m, 0.61 cm at 20 m) was significantly less than 
that of the feldspar (5.3 cm at 5 m, 2.8 cm at 10 m, 1.65 cm at 15 m, 1.7 cm at 20 m).  
Site 4 feldspar was not measured in 17CCT04 (Summer) due to elevated water levels, thus 
the values reported here are from 17CCT03 (Spring). The feldspar shows that 10 m received the 
most sedimentation (2.2 cm), followed by 5 m (0.4 cm) and 15 m (0.25 cm). The sediment plates 
on the other hand (0.30 cm at 5 m, 0.45 cm at 10 m, and 0.20 cm at 15 m), all had less sediment 
deposited on them than the feldspar.   
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A2.6 Sedimentary characterization 
A2.6.1 Surface sediment grab samples 
 Surface sediment grab samples were collected in addition to the plates to analyze the 
sediment dry bulk density, loss on ignition, and grain size. Dry bulk density is used to determine 
the moisture content of the sediment samples, loss on ignition is used a proxy for measuring the 
organic carbon content in a sediment sample, and grain size provides information about the size of 
sediment particles in the sample. Dry bulk density, water content, and porosity were calculated by 
determining water mass lost during drying.  
Porosity was seasonally variable with 0.61 ± 0.42 in the Fall, 0.20 ± 0.18 in the Winter, 
0.49 ± 0.32 in the Spring, 0.23 ± 0.19 in the Summer, with higher numbers indicating more pore 
space for water and gas. The porosity is inversely proportional to the grain size, meaning that the 
higher the porosity the smaller the grain size. Organic matter content was determined with a mass-
loss technique, referred to as loss on ignition (LOI). A detailed methodology for how the bulk 
density, LOI, porosity, and grain size analysis can be found in Marot et al. (2012). The summarized 
bulk density results can be seen in Table 16 and Figure 33, whereas the LOI data can be seen in 
Table 17 and Figure 34.  
 Overall, the bulk density typically decreased with increased distance from the shoreline into 
the marsh. Site 2 had the highest average bulk density with similarly high bulk density 
measurements at the 5 and 10-m distances at Site 1 and 3. On average, Site 4 had the lowest bulk 
density of all the study sites with very little variation between seasons. LOI was greatest at Site 4 
and lowest at Site 2 LOI was variable from season to season. Higher LOI values suggest higher 
organic matter content indicating lower mineral content.  
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Table 16. Dry bulk density results from the surface sediment grab samples. “---” indicates samples 
not collected due to elevated water levels when collecting the sample. 
 
Distance (m) 17CCT01 17CCT02 17CCT03 17CCT04 
Si
te
 1
 
5 0.92 1.25 1.42 1.15 
10 0.38 0.46 0.53 0.52 
15 0.37 0.41 0.47 0.37 
20 0.46 0.28 0.36 0.50 
Si
te
 2
 
5 1.08 0.98 1.21 1.33 
10 1.11 0.75 1.37 0.76 
15 0.83 0.46 1.00 0.94 
20 0.54 0.70 0.65 0.68 
Si
te
 3
 
5 1.38 0.41 0.95 0.50 
10 0.53 0.37 0.69 0.16 
15 0.49 0.40 0.14 0.38 
20 0.31 0.39 0.33 0.15 
Si
te
 4
 
5 0.35 0.32 0.35 
--- 
10 0.33 0.31 0.31 
--- 
15 0.24 0.31 0.29 
--- 
20 0.24 0.24 0.25 
--- 
 
103 
 
 
Figure 33. Graph of dry bulk density results from surface sediment grab samples shown in Table 
16. 
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Table 17. Loss on ignition results from the surface sediment grab samples. “---” indicates samples 
not collected due to elevated water levels during sample collection. 
 
Distance (m) 17CCT01 17CCT02 17CCT03 17CCT04 
Si
te
 1
 
5 0.047 0.0142 0.0065 0.0158 
10 0.177 0.0937 0.0803 0.0734 
15 0.177 0.1047 0.0778 0.1088 
20 0.121 0.1874 0.0857 0.0755 
Si
te
 2
 
5 0.030 0.0397 0.0231 0.0124 
10 0.033 0.0638 0.0100 0.0485 
15 0.054 0.1129 0.0330 0.0315 
20 0.092 0.0497 0.0452 0.0584 
Si
te
 3
 
5 0.010 0.1510 0.0188 0.0438 
10 0.107 0.1593 0.0452 0.1630 
15 0.092 0.1326 0.1163 0.0552 
20 0.162 0.1538 0.1279 0.1311 
Si
te
 4
 
5 0.150 0.1512 0.0929 
--- 
10 0.182 0.1701 0.1492 
--- 
15 0.242 0.1850 0.1749 
--- 
20 0.209 0.2035 0.1976 
--- 
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Figure 34. Graph of loss on ignition results from surface sediment grab samples shown in Table 
17.  
 
Grain size was analyzed for all seasons, sites, and distance, with the exception of 17CCT04 
(Summer) at Site 4. Grain size results can be seen in Table 18 (Fall), Table 19 (Winter), Table 20 
(Spring), Table 21 (Summer) The distribution of the grain size at each site for 17CCT01 across the 
4 distances was similar, with all distances and sites having the highest percentage of material 
between 40 μm and 100 μm, with the exception of Site 4 (Figure 35). Site 4 had a relatively even 
distribution of grain sizes between 0.4 μm and 200 μm, typically with the most grains around 20 
μm. From the available data, Site 4 was consistently the muddiest site with the other 3 sites having 
more sand. The percent of mud to sand in the samples was variable from one season to the next, as 
shown in Figure 36.  
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Table 18. Grain size results for 17CCT01 
Site  Distance (m) 
Sediment 
Texture  
(Folk, 
1954) 
Mean 
Grain Size  
(µm) 
Mean 
Grain Size  
Standard 
Deviation 
(µm) 
Mean Grain Size  
(Descriptive) 
Sorting  
(µm) 
Sorting 
Standard 
Deviation  
(µm) 
Sorting 
(Descriptive) 
Sand  
(%) 
Sand  
Standard 
Deviation  
(%) 
Mud  
(%) 
Mud  
Standard 
Deviation  
(%) 
1 5 Muddy Sand 64.13 0.83 Very Fine Sand 2.346 0.023 Poorly Sorted 62.8 0.4 37.2 0.4 
1 10 Sandy Mud 28.30 0.66 Coarse Silt 4.875 0.300 Very Poorly Sorted 38.2 1.1 61.8 1.1 
1 15 Sandy Mud 18.08 0.34 Coarse Silt 4.800 0.061 Very Poorly Sorted 27.0 0.1 73.0 0.1 
1 20 Sandy Mud 35.78 0.57 Very Coarse Silt 3.974 0.037 Poorly Sorted 47.5 0.4 52.5 0.4 
2 5 Muddy Sand 65.42 0.77 Very Fine Sand 2.349 0.053 Poorly Sorted 59.3 0.5 40.7 0.5 
2 10 Muddy Sand 57.48 0.22 Very Coarse Silt 2.389 0.027 Poorly Sorted 52.9 0.3 47.1 0.3 
2 15 Sandy Mud 36.45 0.63 Very Coarse Silt 3.279 0.034 Poorly Sorted 37.7 0.6 62.3 0.6 
2 20 Sandy Mud 25.44 0.29 Coarse Silt 3.699 0.012 Poorly Sorted 24.4 0.5 75.6 0.5 
3 5 Sand 166.63 0.43 Fine Sand 1.825 0.005 Moderately Sorted 93.3 0.1 6.7 0.1 
3 10 Sandy Mud 24.31 0.42 Coarse Silt 4.735 0.029 Very Poorly Sorted 35.7 0.6 64.3 0.6 
3 15 Sandy Mud 26.42 0.45 Coarse Silt 4.282 0.047 Very Poorly Sorted 32.0 0.6 68.0 0.6 
3 20 Sandy Mud 24.79 0.51 Coarse Silt 4.191 0.073 Very Poorly Sorted 28.9 0.8 71.1 0.8 
4 5 Mud 10.12 0.21 Medium Silt 4.034 0.025 Very Poorly Sorted 5.9 0.6 94.1 0.6 
4 10 Sandy Mud 8.24 0.13 Medium Silt 4.834 0.037 Very Poorly Sorted 10.2 0.1 89.8 0.1 
4 15 Sandy Mud 10.20 0.25 Medium Silt 4.514 0.037 Very Poorly Sorted 10.3 0.6 89.7 0.6 
4 20 Mud 10.63 0.18 Medium Silt 4.304 0.022 Very Poorly Sorted 9.8 0.3 90.2 0.3 
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Table 19. Grain size results for 17CCT02 
Site  Distance (m) 
Sediment 
Texture  
(Folk, 1954) 
Mean Grain 
Size  
(µm) 
Mean Grain Size  
Standard 
Deviation 
(µm) 
Sorting  
(µm) 
Sorting 
Standard 
Deviation  
(µm) 
Mean Grain Size  
(Descriptive) 
Sorting 
(Descriptive) 
Sand  
(%) 
Sand  
Standard 
Deviation  
(%) 
Mud  
(%) 
Mud  
Standard 
Deviation  
(%) 
1 5 Muddy Sand 87.38 0.47 1.976 0.021 Very Fine Sand Moderately Sorted 76.7 0.4 23.3 0.4 
1 10 Sandy Mud 36.84 0.31 4.297 0.341 Very Coarse Silt 
Very Poorly 
Sorted 42.5 0.3 57.5 0.3 
1 15 Sandy Mud 24.61 1.40 3.998 0.114 Coarse Silt Poorly Sorted 27.4 1.0 72.6 1.0 
1 20 Sandy Mud 16.50 0.31 4.955 0.314 Coarse Silt 
Very Poorly 
Sorted 21.6 1.1 78.4 1.1 
2 5 Muddy Sand 53.33 6.24 2.650 0.042 Very Coarse Silt Poorly Sorted 52.0 4.2 48.0 4.2 
2 10 Sandy Mud 31.50 2.15 3.584 0.029 Very Coarse Silt Poorly Sorted 35.1 1.3 64.9 1.3 
2 15 Sandy Mud 23.94 0.25 3.950 0.027 Coarse Silt Poorly Sorted 24.2 0.2 75.8 0.2 
2 20 Sandy Mud 35.95 0.46 3.172 0.011 Very Coarse Silt Poorly Sorted 36.4 0.3 63.6 0.3 
3 5 Muddy Sand 43.28 2.53 3.380 0.049 Very Coarse Silt Poorly Sorted 49.9 2.2 50.1 2.2 
3 10 Sandy Mud 26.59 2.35 4.828 0.306 Coarse Silt 
Very Poorly 
Sorted 36.9 2.6 63.1 2.6 
3 15 Sandy Mud 31.88 0.76 4.150 0.075 Very Coarse Silt 
Very Poorly 
Sorted 42.1 0.3 57.9 0.3 
3 20 Sandy Mud 26.63 1.97 4.768 0.173 Coarse Silt 
Very Poorly 
Sorted 41.4 1.4 58.6 1.4 
4 5 Mud 9.66 0.16 4.117 0.011 Medium Silt 
Very Poorly 
Sorted 5.9 0.2 94.1 0.2 
4 10 Sandy Mud 8.21 0.18 4.824 0.033 Medium Silt 
Very Poorly 
Sorted 10.2 0.3 89.8 0.3 
4 15 Sandy Mud 10.27 0.07 4.742 0.009 Medium Silt 
Very Poorly 
Sorted 11.8 0.2 88.2 0.2 
4 20 Sandy Mud 11.04 0.05 4.344 0.008 Medium Silt 
Very Poorly 
Sorted 10.5 0.1 89.5 0.1 
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Table 20. Grain size results for 17CCT03 
Site  Distance 
Sediment 
Texture  
(Folk, 1954) 
Mean Grain 
Size  
(µm) 
Mean Grain Size  
Standard 
Deviation 
(µm) 
Sorting  
(µm) 
Sorting 
Standard 
Deviation  
(µm) 
Mean Grain Size  
(Descriptive) 
Sorting 
(Descriptive) 
Sand  
(%) 
Sand  
Standard 
Deviation  
(%) 
Mud  
(%) 
Mud  
Standard 
Deviation  
(%) 
1 5 Sand 167.11 7.55 1.964 0.018 Fine Sand Moderately Sorted 91.9 0.4 8.1 0.4 
1 10 Sandy Mud 35.14 0.31 3.537 0.014 Very Coarse Silt Poorly Sorted 38.2 0.3 61.8 0.3 
1 15 Sandy Mud 32.92 0.97 3.772 0.017 Very Coarse Silt Poorly Sorted 39.4 1.3 60.6 1.3 
1 20 Sandy Mud 26.29 0.67 4.139 0.013 Coarse Silt Very Poorly Sorted 30.7 0.8 69.3 0.8 
2 5 Muddy Sand 73.54 1.94 2.291 0.023 Very Fine Sand Poorly Sorted 66.2 1.2 33.8 1.2 
2 10 Muddy Sand 97.90 1.17 2.050 0.007 Very Fine Sand Poorly Sorted 78.2 0.4 21.8 0.4 
2 15 Muddy Sand 60.15 0.46 2.560 0.011 Very Coarse Silt Poorly Sorted 56.9 0.4 43.1 0.4 
2 20 Muddy Sand 59.04 1.84 2.548 0.049 Very Coarse Silt Poorly Sorted 56.6 1.3 43.4 1.3 
3 5 Muddy Sand 78.01 0.80 1.904 0.038 Very Fine Sand Moderately Sorted 73.9 0.6 26.1 0.6 
3 10 Muddy Sand 57.51 0.23 2.658 0.009 Very Coarse Silt Poorly Sorted 62.5 0.1 37.5 0.1 
3 15 Sandy Mud 25.08 0.81 3.985 0.044 Coarse Silt Poorly Sorted 28.5 0.8 71.5 0.8 
3 20 Sandy Mud 29.31 1.23 4.198 0.054 Coarse Silt Very Poorly Sorted 38.2 1.3 61.8 1.3 
4 5 Mud 11.88 0.21 3.846 0.034 Medium Silt Poorly Sorted 5.0 0.0 95.0 0.0 
4 10 Sandy Mud 12.79 0.15 4.408 0.014 Medium Silt Very Poorly Sorted 12.3 0.3 87.7 0.3 
4 15 Mud 8.42 0.10 4.585 0.017 Medium Silt Very Poorly Sorted 9.0 0.2 91.0 0.2 
4 20 Sandy Mud 10.48 0.17 4.422 0.029 Medium Silt Very Poorly Sorted 10.4 0.4 89.6 0.4 
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Table 21. Grain size results for 17CCT04 
Site  Distance (m) 
Sediment 
Texture  
(Folk, 1954) 
Mean 
Grain 
Size  
(µm) 
Mean 
Grain Size  
Standard 
Deviation 
(µm) 
Sorting  
(µm) 
Sorting 
Standard 
Deviation  
(µm) 
Mean Grain Size  
(Descriptive) 
Sorting 
(Descriptive) 
Sand  
(%) 
Sand  
Standard 
Deviation  
(%) 
Mud  
(%) 
Mud  
Standard 
Deviation  
(%) 
1 5 Muddy Sand 117.60 1.78 1.947 0.029 Very Fine Sand Moderately Sorted 85.9 0.7 14.1 0.7 
1 10 Muddy Sand 49.68 1.59 3.087 0.016 Very Coarse Silt Poorly Sorted 51.4 1.2 48.6 1.2 
1 15 Sandy Mud 24.70 0.53 4.479 0.065 Coarse Silt Very Poorly Sorted 31.7 0.9 68.3 0.9 
1 20 Sandy Mud 33.09 0.73 4.159 0.068 Very Coarse Silt Very Poorly Sorted 38.3 0.5 61.7 0.5 
2 5 Muddy Sand 105.07 3.99 2.048 0.018 Very Fine Sand Poorly Sorted 81.0 1.1 19.0 1.1 
2 10 Muddy Sand 56.65 0.64 2.657 0.019 Very Coarse Silt Poorly Sorted 53.2 0.6 46.8 0.6 
2 15 Muddy Sand 55.65 0.72 2.677 0.028 Very Coarse Silt Poorly Sorted 52.5 0.4 47.5 0.4 
2 20 Sandy Mud 45.11 0.19 2.944 0.007 Very Coarse Silt Poorly Sorted 43.9 0.3 56.1 0.3 
3 5 Muddy Sand 76.67 0.06 2.100 0.007 Very Fine Sand Poorly Sorted 72.9 0.0 27.1 0.0 
3 10 Sandy Mud 16.06 0.20 4.990 0.013 Coarse Silt Very Poorly Sorted 24.1 0.4 75.9 0.4 
3 15 Muddy Sand 55.92 1.98 2.631 0.088 Very Coarse Silt Poorly Sorted 59.6 1.1 40.4 1.1 
3 20 Sandy Mud 26.55 1.03 4.296 0.050 Coarse Silt Very Poorly Sorted 35.6 1.2 64.4 1.2 
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Figure 35. Grain size distribution for 5 m (A), 10 m (B), 15 m (C), and 20 m (D) from the 
shoreline at each of the 4 sites for the Fall (17CCT01) season. 
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Figure 36. Percent of the sample for each site, distance, and season that was classified as mud 
(grain sizes up to 63 μm) for 17CC01 (A), 17CCT02 (B), 17CCT03 (C), and 17CCT04 (D). No 
data was collected for 17CCT04 Site 4 due to elevated water levels. 100 minus the mud value equal 
the percent of sand in the sample. Error bars represent standard error.  
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APPENDIX 3 (MICRO-BEAD METHOD DETAILS) 
 Micro-beads were used to assess where sediments were transported to after being eroded 
from the marsh shoreline. Sediment was sampled using sediment plates and by collecting random 
surface samples. The beads were used to address hypothesis expectations 2 and 3 along with 
objectives 3 and 4. In order to count the beads, the following methods were developed based on 
previous studies and modified as needed to isolate the beads and count them.  
A3.0 Sediment plates 
The rehydrated sediment was wet sieved through 500 micron (μm), 150 μm, 64 μm, and 32 
μm sieves. Before sieving the samples were soaked for at least 48 hours in sodium 
hexametaphosphate to allow mud clumps in the sample to break apart. Using water, the samples 
were sieved until the remaining material in the 32 μm sieve was free of mud clumps under a 
microscope. Since the beads range from 40-90 μm, the remaining sediment in the 64 and 32 μm 
sieves were recombined and dried at 45° C for 48 hours. The dried sediment was placed into a 50 
mL vial, a dry sieved volume was recorded, and the sample was set aside for a micro-bead count 
analysis. After each plate was sieved, the sieves were dipped in methylene blue to stain any 
remaining material and minimize cross contamination between samples. Twice a day the sieves 
were sonicated to remove any particles stuck in the sieves screen.   
After the plate sediment was sieved and dried, micro-bead densities were calculated. Micro-
bead densities were calculated for 12 plates, one plate from each of the 4 distances at Site 1, 2, and 
3 for the Fall (17CCT01) plates for a proof of concept analysis. To calculate the micro-bead 
density, 2 methods were utilized. This project has an additional component involving microfossils 
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(not discussed in this thesis), so bead counting was conducted by a microfossil researcher who also 
counted beads as needed. The first method, used for sediment plates at Site 1, was a micro-bead 
only count, where samples were split using a dry splitter until the split was reduced to a volume 
close to 0.5 mL. For example, if a sample had a dry volume of 50 mL it was split to 1/128th of the 
sample or roughly 0.39 mL of sediment. The sediment was then split into 4 equal parts and each 
was counted for micro-beads. The second method, utilized for Sites 2 and 3, micro-beads were 
counted until 200 foraminifera were counted. This method involved a wide range of sediment 
volumes being counted for micro-beads. The method below is the typical method used for counting 
beads regardless of whether the sample followed the first or second method above.  
To count the micro-beads, a thin layer of sediment was sprinkled into a tray with gridlines. 
Using a stereo microscope, the tray was visually counted for micro-beads. The sediment was 
removed from the tray and the process was repeated until the entire split of the sample was 
counted. The micro-beads were easily identifiable due to their perfect spherical shape (Figure 37). 
While the majority of the micro-beads were perfectly spherical, there were occasional exceptions 
with micro-beads being fused together (Figure 38). In instances where micro-beads were irregular, 
a judgement call was made as to whether it was multiple beads fused together as a result of the 
manufacturing process or post-manufacturing clumping. If it was determined that the micro-bead 
was a manufacturing error, it was counted as a single bead, whereas multiple beads stuck together 
that could be separated were counted individually.  
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Figure 37. Image of micro-beads. 
 
Figure 38. Image of a sample containing irregular micro-beads, as noted by the red arrows.  
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A3.1 Random surface samples 
In addition to the sediment plates, 40 random surface samples were collected at each site to 
look for presence or absence of micro-beads within a 20-m radius of the micro-bead plot. As the 
name implies, the sample locations were randomly generated so that there were 5 samples from 
each distance of 5, 10 15, and 20 m within a 20 m radius of the shoreline boardwalk. The location 
was randomly generated based on a distance and angle from a known point on the shoreline 
boardwalk (micro-bead plot) that was later plotted within ArcGIS. Sample collection included 20 
samples in the marsh and 20 samples from the estuary for a total of 160 (40 at each of the 4 sites) 
random surface samples for each season. At each sampling location, approximately 20 milliliters 
(mL) of sediment was collected from the top 1 cm of sediment at each location and put in a 50 mL 
vial, avoiding excess vegetation, shell fragments, snails, and crabs. At each of the 160 sample 
locations, an elevation was taken using a total station (17CCT01, Figure 39) or a DGPS (17CCT02, 
-03, and -04). 
 
Figure 39. Total station and prism reflector on a stadium rod used to get elevations for the random 
surface samples for 17CCT01 (Fall). 
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The random surface samples followed a slightly different lab processing methodology for 
sieving than the plates. However, both methods retained the complete bead size fraction during lab 
processing. Random surface samples were collected in 50 mL test tubes and the volume of 
sediment varied from sample to sample. To standardize the process, each sample was homogenized 
and 20 mL of sediment was packed into a syringe, with the remaining sediment over 20 mL being 
removed. The 20 mL of sediment was then wet sieved using a 150-μm and 32-μm sieve. The 
samples were sieved until the 32-μm sieve was free of mud clumps under a microscope. Once the 
samples were finished being sieved, the remaining wet sediment was added back into the 50-mL 
vial and placed in a drying oven at 55° C for 48 hours, or until the sample was completely dry. 
The Site 1 random surface samples from the Fall (17CCT01) were used for micro-bead 
presence or absence as a short-term proof of concept method due to time constraints. After the 
samples were sieved and dried, they were typically clumped inside the 50 mL vial. To alleviate this 
problem, the samples were gently crushed using a mortar and pestle until all the clumps were 
removed.   
To check for presence or absence of micro-beads, a thin layer of sediment was sprinkled 
onto a tray with gridlines. Using a stereo microscope, the tray was visually checked for the 
presence of micro-beads. The sediment was removed from the tray and the process was repeated 
until a micro-bead was located. If no micro-beads were located then the sample was re-checked by 
a second person to assess if a bead was missed.  
 
 
 
